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ABSTRACT
Treatment of leachate from municipal solid waste (MSW) landfills can be complex
and difficult, due to the variety of contaminants present. The purpose of this work was to
evaluate the fate of nitrogen and effectiveness of leachate evaporation in a leachate storage
and collection pond at the Three Rivers Solid Waste Authority (TRSWA) MSW landfill in
Jackson, South Carolina. This was accomplished by determining the fate of nitrogen
species in the pond, exploring effect of the site’s Lilypad droplet sprayer system on
ammonia-nitrogen, and exploring potential to reduce overall quantity of leachate to be
treated through evaporation from the pond.
Leachate evaporation was determined via two methods: a water balance of the pond
and a model developed to account for site climatological and operational parameters,
including the site’s use of a droplet sprayer system to enhance evaporation from the pond.
Results from the evaporation study suggest that the droplet sprayer system resulted in 2.5
to 3.2 times more evaporation than would occur naturally, and further enhancement could
be possible through modifications to the system’s operation, such as increasing the
nighttime basket capacity above the current 26%. Increasing nighttime capacity to 50% of
maximum speed and flow is expected to increase the total evaporation by 23%.
The fate of nitrogen species in the pond was also explored, and a model was
developed and used to determine amounts of volatilization, nitrification, and denitrification
occurring in the pond. Overall, results indicate that nitrogen transformation was occurring

iii

in the pond. The model indicated that volatilization was the predominant process by which
nitrogen was transformed, but that nitrification and denitrification were also occurring in
the pond during much of the study. The use of the droplet sprayer system resulted in
increased volatilization, depending on the amount of liquid passing through the system
each day. During the study, approximately 36% of volatilization was due to the Lilypad
system. Increasing the volume of liquid that passes through the system would be expected
to increase volatilization. A study on the relationship between pH, temperature, and
volatilization was also undertaken and indicated that increasing the pH of the leachate
collection and storage pond would result in increased levels of ammonia-nitrogen
volatilization, but that adjustment would be most efficient if done in the warmer months.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND AND MOTIVATION
In the United States, the primary means of disposal of municipal solid waste
(MSW) is landfilling, and as of 2009 there were approximately 1,908 MSW landfills in the
country, according to the Environmental Protection Agency (USEPA, 2018). Leachate
composition from these landfills is widely varied depending on type of waste disposed, age
of the waste, and site climatological factors such as precipitation (Ehrig, 1983; Jambeck et
al., 2008; Kjeldsen et al., 2002; Kulikowska and Klimiuk, 2008). Ammonia-nitrogen is
generally present in high quantities and is often considered to be the most concerning
contaminant present in leachate because of its relationship to landfill stability and longterm monitoring requirements (Barlaz et al., 2002). As such, though treatment of landfill
leachate can be varied and difficult depending on the quality of the leachate, some means
of ammonia-nitrogen removal is often an important consideration in the treatment process.
Ammonia-nitrogen can be removed through a variety of treatment processes
including volatilization and nitrification. Volatilization is the release of volatile organic
compounds from the liquid phase to the air phase. Volatilization in leachate treatment can
be implemented in a variety of ways, including through use of air stripping towers, droplet
sprayer systems, and construction of aerated pond systems (Cheung et al., 1997; dos Santos
et al., 2020; Marttinen et al., 2002; Ozturk et al., 2003; Silva et al., 2004). Volatilization
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is dependent on many factors such as free ammonia concentration, in turn dependent on
leachate pH and temperature, surface area of the pond, and climatological factors like wind
speed and air temperature. Nitrification is an aerobic process in which autotrophic bacteria
oxidize ammonium ions to nitrite and nitrate. Denitrification, the anoxic process that
degrades nitrate and nitrite to nitrogen gas, is often also used in order to fully remove
nitrogen species from the leachate. The processes of nitrification and denitrification are
dependent on factors including pH, temperature, hydraulic residence time, free ammonia
concentration, and presence of dissolved oxygen (Berge et al., 2005; Gerardi, 2002;
Wiszniowski et al., 2006).
Another strategy in treating leachate is to reduce its volume. One potential means
of reducing the quantity of leachate to be treated is through evaporation, which can occur
naturally or be enhanced by site operations. In ponds, natural evaporation is dependent on
such factors as temperature, relative humidity, solar radiation, and surface area of the pond.
In addition, evaporation can be enhanced through the use of physical systems like droplet
sprayers or complex evaporation towers. These means can help to reduce the quantity of
leachate, but ultimately have the potential to end up being more complex or expensive than
traditional leachate treatment, depending on the type of system, cost of normal treatment,
and operational costs associated with each.
Because of its complexity and variability, development of a successful treatment
regimen for landfill leachate is often required on a case-by-case basis. In particular, study
must be undertaken to understand the dependence of ammonia-nitrogen removal on the
parameters discussed, and the potential for effectively utilizing evaporation as a means to
assist in leachate treatment.
2

1.2 RESEARCH OBJECTIVES
The purpose of this work was to evaluate the fate of nitrogen and effectiveness of
leachate evaporation in a leachate storage and collection pond at the Three Rivers Solid
Waste Authority (TRSWA) MSW landfill in Jackson, South Carolina. The site operates a
Lilypad droplet sprayer system (New Waste Concepts, Inc.) with the goal of enhancing
evaporation and ammonia volatilization from the pond. The specific objectives of this
work include:
1. Conduct a water balance to determine the amount of actual evaporation occurring
from the pond and explore the link between climatological and operational
parameters on evaporation.
2. Evaluate the fate of nitrogen in the pond by quantifying the extent of volatilization,
nitrification, and denitrification that occurred in the pond.
3. Quantify the effect of the droplet sprayer system on evaporation and ammonia
volatilization.
4. Explore the implications of pH and temperature adjustment of the leachate to
encourage ammonia volatilization.
1.3 THESIS ORGANIZATION
This thesis is organized into six chapters.

Chapter 1 introduces the project

including background and research objectives. A critical review of relevant literature
pertaining to topics explored is given in Chapter 2. Chapter 3 explores evaporation from
the leachate storage and collection pond, including a water balance for the pond used to
determine actual amounts of evaporation occurring. A prediction of evaporation was
developed to understand the effect site climatological and operational parameters,
3

including use of the Lilypad system, on evaporation. In Chapter 4, the fate of nitrogen
species in the pond was explored. A model was developed and used to determine amounts
of volatilization, nitrification, and denitrification occurring in the pond. Chapter 5 studies
the effect of pH adjustment on ammonia volatilization from the leachate. Chapter 6
provides conclusions and recommendations for future work.
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CHAPTER 2
LITERATURE REVIEW
2.1 INTRODUCTION
Leachate from municipal solid waste (MSW) landfills is contaminated with a
variety of compounds, necessitating treatment prior to release. Leachate treatment can
occur in situ in the landfill, onsite in storage ponds or tanks, offsite at wastewater treatment
plants (WWTP), or often some combination of these. Treatment techniques are often
developed on a case-by-case basis due to the widely varied nature of the composition of
leachate. Of particular concern to this study are the fate of nitrogen species (especially
ammonia-nitrogen), organics, and heavy metals.
This study focused on leachate from a MSW landfill in Jackson, South Carolina,
that is stored in a leachate collection pond. The landfill operates a droplet-sprayer system
in order to enhance evaporation of leachate from the pond. The goals of this study were to
understand the fate of species, especially nitrogen, in the leachate collection pond and to
understand the effect of the droplet-spraying system on both fate of nitrogen and
evaporation from the pond. This review explores topics relevant to these goals, such as the
typical characteristics of landfill leachate and its impact on the environment, treatment
processes that influence nitrogen fate including volatilization, nitrification and
denitrification, and the effect of leachate evaporation on leachate management and
ammonia volatilization.
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2.2 OVERVIEW OF LANDFILL LEACHATE COMPOSITION
2.2.1

MSW leachate quality and quantity

2.2.1.1 Factors affecting quality and quantity of leachate
Quality of landfill leachate is dependent on several factors including age of waste,
composition of waste, and climate of the landfill location (especially amount of rainfall)
(Gounaris et al., 1993; Kjeldsen et al., 2002; Moody and Townsend, 2017). Some of the
main contaminants of concern found in typical MSW leachates are inorganic components
like nitrogen species (especially ammonia-nitrogen), dissolved organic matter (measured
as total organic carbon (TOC), chemical oxygen demand (COD), and five-day biological
oxygen demand (BOD5) concentration), heavy metals, inorganic salts, and other organic
pollutants (Barlaz et al., 2002; Christensen et al., 2001; Kjeldsen et al., 2002; Kulikowska
and Klimiuk, 2008; Renou et al., 2008).
As well as variability in initial concentration depending on physical characteristics
of the landfill and waste, concentrations of these parameters can also change with time as
the waste in the landfill degrades and the waste degrades. During waste degradation, the
landfill first undergoes a rapid aerobic decomposition immediately following waste
placement and compaction. Moisture and air contents are high during this phase as a
consequence of landfilling operations, resulting in growth of aerobic bacteria which
initially degrade the waste and consume the available oxygen, producing CO2 (Barlaz et
al., 2002; Kjeldsen et al., 2002). After this initial aerobic phase, the landfill transitions to
an anaerobic state as oxygen is depleted from degradation and exposure to air is eliminated
through cover and additional waste placement. During this next phase, volatile fatty acids
are produced, thus concentrations of COD and BOD rise while pH of the landfill often
6

decreases (Barlaz et al., 2002; Christensen et al., 2001; Reinhart and Al-Yousfi, 1996).
Then the landfill enters the methanogenic phase during which methanogenic bacteria begin
to consume the volatile fatty acids and organic compounds formed previously, converting
them into methane. The pH of the landfill also rises during this phase. Finally, the landfill
enters the stable maturation phase, during which methane production declines as available
substrate for methanogenic bacteria are limited, and further decomposition is limited
(Kjeldsen et al., 2002; Qian et al., 2002; Reinhart and Al-Yousfi, 1996). During the
methanogenic phase degradability is low, and carbon is primarily present as humic and
fulvic acids (Christensen et al., 1998).
Waste composition is also a key factor in determining leachate quality, as different
wastes contain different contaminants which then leach into the contact water. For this
reason, Toxicity Characteristic Leaching Procedure (TCLP) tests are generally required for
new and unknown wastes to determine effect of a specific waste on leachate quality
(USEPA, 1994). In addition, several studies have been conducted to determine effect of
specific waste types on landfill leachate. For example, Jambeck et al. (2008) found that
construction and demolition debris (C&D) landfills can show significantly higher
concentrations of arsenic and chromium if just 10% of waste disposed is chromated copper
arsenate (CCA)-treated wood (Jambeck et al., 2008). Moody and Townsend (2017) found
that MSW landfills containing MSW incinerator ash had significantly more metallic salts
than landfills without ash (Moody and Townsend, 2017). In comparing results from a study
of effect of waste composition in Danish MSW landfills to studies of American MSW
landfills, Kjeldsen and Christopherson (2001) found that concentrations of many
contaminants, such as organic compounds and halogenated hydrocarbons, were much
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lower in the Danish versus American landfills. They hypothesized that this is due mainly
to differences in waste disposal practices in the two countries, such as fewer organic
chemicals in Danish waste and no co-disposal of industrial or hazardous wastes (Kjeldsen
and Christophersen, 2001).
As is true of leachate quality, quantity of leachate is also dependent on many
factors, primarily environmental and waste dependent factors. The main sources of
leachate are excess water present in the waste and released either during compaction or via
biodegradation and water from precipitation or surface runoff that percolates through the
waste layers. Waste disposed in MSW landfills often has a higher capacity for water
retention than the moisture actually present in the waste, and leaching from the waste itself
does not occur until the field capacity of the waste is exceeded (Ehrig, 1983; El-Fadel et
al., 1997). While some additional liquid is produced as the waste decomposes, generally
the quantity of leachate is more influenced by precipitation and surface runoff than by
leachate generated directly from the waste, as quantity of precipitation generally outweighs
quantity of water in the waste (Ehrig, 1983; Tatsi and Zouboulis, 2002). The amount of
precipitation and runoff that actually infiltrate the waste can vary somewhat with
compaction and cover methods, with less compacted wastes and wastes without sufficient
cover allowing for more infiltration of rainwater and runoff. A common means of
predicting leachate quantities in the United States is via the Hydrologic Evaluation of
Landfill Performance (HELP) model, which takes into account precipitation, moisture
conditions during placement, cover type and slope, geosynthetic types, and thickness of
various layers (USEPA, 2020).
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2.2.2

Contaminants present in leachate
Many studies on landfill leachate have been conducted and as discussed,

concentrations of contaminants can vary widely.

Table 2.1 provides some typical

concentrations of parameters present in MSW leachates.

The concentrations of

contaminants present in leachate can cause significant environmental issues if released
without sufficient treatment; the major concern is the contamination of groundwater and
surface water (Barlaz et al., 2002; Kjeldsen et al., 2002).
Table 2.1. Concentrations of Parameters of Concern in Typical MSW
Leachates
Parametera
Range
pH
4.5 – 9.1
TOC
30 – 29,000
BOD5
20 – 57,000
COD
100 – 152,000
Ammonia-nitrogen (NH3-N)
0.3 – 2,200
Total Kjeldahl Nitrogen (TKN)
8.7 – 13,000
Alkalinity (mg CaCO3/L)
923 – 8070
Total Phosphorus
0.1 – 23
Chloride
125 – 4500
Sulphate
5.3 – 7750
Sodium
70 – 7,700
Potassium
50 – 3,700
Calcium
10 – 7,200
Magnesium
30 – 15,000
Iron
1.6 – 5,500
Arsenic
0.005 – 1.0
Barium
0.08
Cadmium
0.0001 – 0.4
Chromium
0.02 – 1.5
Cobalt
0.005 – 1.5
Copper
0.005 – 10
Lead
0.001 – 5
Mercury
0.00005 – 0.16
Nickel
0.002 – 13
Zinc
0.03 – 1000
a All units in mg/L unless otherwise stated
b (Kjeldsen et al., 2002)
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Reference
b, c, d, e, f
b, d, f
b, d, e, f
b, c, d, e, f
b, e, f
c, e, f
e, f
b, d, f
b, d, f
b, d, f
b, d, f
b, d, f
b, d, f
b, d, f
b, d, f
b, d, f
f
b, d, f
b, d, f
b, d
b, d, f
b, d, f
b, d
b, d, f
b, d, f

c (Renou et al., 2008)
d (Christensen et al., 2001)
e (Ponthieu et al., 2007)
f (Cameron and Koch, 1980)
2.2.2.1 Ammonia-nitrogen in leachate
While leachates contain many varied compounds, the key contaminant of concern
in this study is ammonia-nitrogen, which is present in high concentrations in most landfill
leachates and over the life of the landfill (Barlaz et al., 2002). Ammonia-nitrogen
concentrations develop when the organic nitrogen content present primarily in proteins in
the MSW is converted to ammonia via ammonification as the waste decomposes. These
concentrations do not usually significantly decrease with age in anaerobic landfills, since
no means of degradation for ammonia-nitrogen exist in an anaerobic environment (Barlaz
et al., 2002; Kjeldsen et al., 2002). Many studies indicate that ammonia-nitrogen is one of
the most concerning contaminants in leachate (Barlaz et al., 2002; Berge et al., 2005; Price
et al., 2003). Barlaz et al. (2002) reported this is because the presence of any ammonianitrogen could suggest that the landfill is not stable and therefore not ready to be released
from the post-closure monitoring period (Barlaz et al., 2002). The term ammonia-nitrogen
as used here (unless otherwise specified) refers to the total ammonia-nitrogen (TAN)
species, in the form of the ammonium ion (NH4+) and ammonia (NH3), also known as
ionized and unionized ammonia, respectively.
Ammonia-nitrogen concentrations are concerning not only because of their impact
on the landfill, but also because of the potential impact to the environment.

High

concentrations of ammonia-nitrogen in leachate can cause issues when discharged to
surface waters if not properly treated. Chief among these are eutrophication (excessive
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growth of algae or other plants) and inhibition of normal biological processes in the water,
which can cause “dead zones” in downstream waters (Gerardi, 2002; Zhao et al., 2017).
This occurs because waters with high ammonia-nitrogen concentrations consume high
levels of dissolved oxygen, thereby reducing the amount of dissolved oxygen available for
normal water activity (Sri Shalini and Joseph, 2012). Un-ionized ammonia is generally
considered the most toxic form of ammonia-nitrogen (Clément and Merlin, 1995), although
total nitrogen is often the parameter of concern for WWTP effluents (Bolyard and Reinhart,
2017).
Low levels of ammonia-nitrogen concentration (50 to 200 mg/L) can be beneficial
for microbial activity in wastewater treatment because it provides nitrogen as a nutrient to
anaerobic bacteria, promoting degradation (Berge et al., 2005; Sri Shalini and Joseph,
2012), although total nitrogen effluent limitations for WWTPs are generally much lower,
around 3 to 10 mg/L (Kjeldsen et al., 2002). However, concentrations above 200 mg/L
begin to have detrimental effects, with higher concentrations (1500 mg/L and above)
exhibiting severe inhibitory effects (Cameron and Koch, 1980; Ehrig, 1983; Kjeldsen et
al., 2002). Ammonia-nitrogen levels in MSW leachates are generally higher than 200
mg/L, with some studies reporting concentrations between 500 and 2,200 mg/L
(Christensen et al., 2001; Kjeldsen et al., 2002).
2.2.2.2 Organic matter
Organic matter present in leachate is most commonly reported as TOC, COD, and
BOD5 (Christensen et al., 2001; Kjeldsen et al., 2002). However, because these parameters
are used to measure gross organics concentrations and concentrations of specific organic
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constituents are not generally known, environmental impacts due to organics present in
leachate can vary widely (Baun et al., 2004). However, many studies have explored the
source of the organic matter present in leachate. Primarily, organic matter is present as
dissolved organic matter like volatile fatty acids and fulvic-like or humic-like compounds,
or as xenobiotic organic compounds (XOCs) (Baun et al., 2004; Christensen et al., 1998;
Kjeldsen et al., 2002; Oman and Hynning, 1993). As is typical for other contaminants, the
speciation of organics in leachate is greatly dependent on the age of the waste, with
dissolved organic carbon (DOC) and TOC primarily a result of volatile fatty acids in young
leachates while older, methanogenic leachates consist mostly of humic-like material
(Christensen et al., 2001). This was confirmed by Harmsen (1983), who reported that over
95% of the total 20,000 mg/L TOC in an acid-stage leachate was due to volatile acids, with
small portions (<1% each) due to volatile amines and ethanol.

However, in a

methanogenic-phase leachate, volatile acids, amines, and ethanol were not detected at all,
and the 2,100 mg/L TOC was due to high molecular-weight compounds (Harmsen, 1983).
COD and BOD5 concentrations generally decrease with age of the landfill as
organic materials are converted into volatile fatty acids and later converted to methane
(Renou et al., 2008). Studying leachates from 20 landfills in Germany over the course of
300 days, Ehrig (1983) observed that organics concentrations in the first 50 days were
highest, with COD and BOD5 concentrations around 18,000 – 23,000 mg/L and 9,000 –
14,000 mg/L, respectively. Concentrations of these parameters dropped off steeply as
leachates aged from 50 to 100 days, with concentrations of both parameters typically below
2,000 mg/L after 100 days (Ehrig, 1983).
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2.2.2.3 Heavy metals
As with most contaminants, concentrations of heavy metals in leachate vary based
on waste composition and age. The presence of heavy metals in leachate is highly
dependent on the type of waste landfilled, thus different leachates often contain a wide
variety of metals in differing concentrations. Common metals found in leachate and their
typical concentrations are found in Table 2.1. While some report that concentrations of
metals in leachate are not sufficiently high to warrant concern (Kjeldsen et al., 2002), the
wide variety of observed concentrations found in leachates makes metals of concern in
some cases (Baun and Christensen, 2004; Sletten et al., 1995).

Table 2.2 provides a

summary how changes in waste composition may influence metal content in the leachate.
One example associated with this is the concentration of arsenic. Because of its use in
production of various materials such as glasses, agricultural products, and building
materials, arsenic is an especially common contaminant found in landfill leachates from
landfills containing these items (Ponthieu et al., 2007). Ashes and sludges disposed in
MSW landfills can also increase metal concentrations, with zinc being an especially
concerning contaminant from sewage sludge (Chang et al., 2001).
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Table 2.2. Significance of Different Waste Types on Metals in Leachate.
Type of Waste
High MSW
incinerator ash
content (>50%)
Sewage sludge

Incombustible waste
(glass, metals)

Plastics

Observations in Leachate
Significantly greater TDS concentrations
than low ash content (<50% ash) MSW;
with significantly higher metal
concentration (10% higher)
High concentrations of heavy metals,
ranging from 9 – 3700 mg/kg of sludge
disposed; concentrations in leachate
ranging from very low for Cd, Cr, and Pb to
~30 mg/L for Cu and as much as 630 mg/L
for Zn
Glass is main contributor to arsenic in
landfills, with 79% of arsenic in waste due
to glass disposal; incombustible wastes
shown to have higher metal content than
other MSW
Higher levels of chromium and lead

Reference
(Moody and
Townsend,
2017)
(Chang et al.,
2001; Yang et
al., 2017)

(Jung et al.,
2006; Ponthieu
et al., 2007)
(Zhang et al.,
2008)

In addition to waste composition, the age of the waste can also have an effect on
metals concentration in the leachate. This is primarily due to the changes associated with
pH in landfills over time. In the acid producing stage of landfill degradation, pH is low
and metal mobility is high. This results in higher concentrations in the leachate from these
young landfills as metals precipitate (Kulikowska and Klimiuk, 2008). As landfills age
and become more methanogenic, pH rises and metals become less soluble, thereby
reducing the concentration present in leachate. This was confirmed by Harmsen (1981),
who found significant differences in metal content in leachates from the acid fermentation
stage versus the methanogenic phase. They found that metals concentrations in acid-phase
leachate were much higher than in methanogenic leachate, with the exception of lead,
which bonds with the humic acids present in methanogenic leachates (Harmsen, 1983).

14

2.3 GENERAL OVERVIEW OF LEACHATE TREATMENT
Many means of treatment exist for landfill leachate. Generally, these fall into the
category

of

biological

treatments,

such

as

nitrification/denitrification,

and

physical/chemical treatments, including air stripping/volatilization, chemical precipitation,
flocculation/precipitation, adsorption, and chemical oxidation.

Young leachates are

characterized by a high BOD5/COD ratio, generally around 0.4 to 0.8, making them more
susceptible to biological treatments. However, as the leachate ages the BOD5/COD ratio
decreases, making biological treatment more difficult (Crittenden et al., 2012; Deng and
Englehardt, 2007). In the case of older leachates, physical/chemical means of treatment
are more effective (Kurniawan et al., 2006; Rivas et al., 2005).
Because of the complex and varied nature of leachate, some combination of
biological and physical/chemical pretreatment is often necessary (Keenan et al., 1984;
Renou et al., 2008; Wiszniowski et al., 2006). Often, a combined treatment process will
be developed wherein certain parameters are targeted for removal before subsequent
treatment to remove other contaminants. This concept of the combined process is often
the most effective way to fully process the leachate and target various contaminants of
concern. The unique characteristics of leachate make it difficult to rely entirely on
conventional treatment at a wastewater treatment plant. Furthermore, cost associated with
transport to water treatment facilities can be prohibitive. As such, some means of treatment
or pre-treatment specific to the leachate is often required on-site.
In practice, treatment of leachate can occur at the landfill or offsite. An emerging
method is to operate the landfill as a bioreactor, often in conjunction with recirculation of
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leachate through the landfill. Several advantages to bioreactors, including enhanced waste
degradation, treatment of landfill leachate as it recirculates through the landfill, and
increased production of recoverable methane gas, make this a viable treatment option
(Berge et al., 2005; Bilgili et al., 2007; He et al., 2007). The in situ treatment of leachate
via recirculation promotes biological treatment such as nitrification and denitrification as
leachate passes through the landfill (Bolyard and Reinhart, 2016; van Turnhout et al.,
2018). Ex situ treatment of leachate at the landfill facility can be accomplished through
complex operations such as air stripping towers, or as pre-treatment in leachate collection
ponds. Collection ponds are often optimized to promote ammonia volatilization through
installation of aerators/sprayers. Because onsite treatment of leachate can be costly and
involve complex treatment infrastructure, final treatment for many leachates is
accomplished at a wastewater treatment plant (WWTP) (Bolyard and Reinhart, 2016).
Of particular interest in this study are leachate treatment methods that focus on
nitrogen transformation and/or removal from leachate and methods that reduce overall
quantity of leachate to be treated. These topics are the focus of the remainder of this
review.
2.4 THE FATE OF NITROGEN
Understanding the fate of nitrogen in leachate is a critical component of this study.
Volatilization, nitrification, and denitrification are the primary processes that influence
nitrogen fate in leachate (Martins et al., 2013; Zhong et al., 2009). Ammonia-nitrogen can
be removed from leachate via volatilization, during which it is transferred from the liquidphase to the air-phase. Nitrification is a microbially-mediated process that removes
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ammonia-nitrogen by oxidization to nitrate and nitrite, and denitrification is a microbiallymediated process that converts nitrate to nitrogen gas.
2.4.1

Ammonia volatilization

2.4.1.1 Volatilization overview
Volatilization is the release of volatile organic compounds from the liquid-phase to
the air-phase. In leachate treatment, one common pathway for the removal of ammonianitrogen is through volatilization. This process can occur naturally depending on factors
like pH, temperature, and atmospheric factors, or can be enhanced through treatment such
as air stripping. When air stripping is used for leachate treatment, the introduction of air
enhances volatilization of the dissolved ammonia present and is often accomplished by
forcing leachate through a droplet sprayer system in pond applications or by utilizing an
air stripping tower.
The concentrations of ammonia present in ionized versus unionized form is integral
to any method of ammonia removal, as unionized or “free” ammonia is more prone to
removal by volatilization. At standard temperature and pressure, the acid dissociation
constant (Ka) for ammonia is 10-9.4, which indicates that at pH of 9.4 the two forms of TAN
are present in equal quantities. At higher pH, ammonia (NH3) is the dominant species,
while ammonium (NH4+) dominates at pH below 9.4 (Metcalf & Eddy, 2014). Because
the vast majority of landfill leachates are naturally below a pH of 9.4 (pH ranging from 4.5
– 9.1 has been reported, Table 2.1), the majority of ammonia present is in the form of
ammonium.
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Because of the relationship between pH and free ammonia, volatilization treatments
are often done in conjunction with pH adjustment. Many studies have adjusted pH to a
value around 11 (Cheung et al., 1997; dos Santos et al., 2020; Marttinen et al., 2002; Ozturk
et al., 2003; Silva et al., 2004), although other pH are sometimes used. Solely adjusting
the pH is referred to as “free stripping” and can account for significant ammonia removals,
although introducing air flow (“air stripping”) has been shown to increase these removals.
However, in practice at an operating landfill, pH adjustments can be costly and require
complex treatment facilities. In addition to pH, the effect of temperature adjustment is
often also analyzed in air stripping studies because of temperature’s effect on the quantity
of free ammonia available for volatilization.
Introduction of air flow in the stripping process can be accomplished in different
ways. In field applications, such as in a leachate retention ponds, this is often accomplished
using commercial aerators which cycle leachate through the apparatus and back into the
pond. Leachate ponds are sometimes also set up as a series of lagoons designed to
maximize aeration through pond geometry and flow, although if pH adjustment is not
included, volatilization of ammonia may not be the primary ammonia removal pathway.
Another common field application is use of air stripping towers (Cheung et al., 1997; dos
Santos et al., 2020; Marttinen et al., 2002). When air stripping/volatilization is used as a
means of ammonia removal, there is a concern regarding the amount of nitrogen gas that
is released to the atmosphere.
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2.4.1.2 Review of observed volatilization
Many studies on ammonia volatilization from various wastewaters exist. These
studies related to landfill leachate are predominately either laboratory-based (Cheung et
al., 1997; dos Santos et al., 2020) or involve landfills with complex air stripping towers or
leachate pond systems (Marttinen et al., 2002; Mehmood et al., 2009). Both laboratory and
field-based studies have also been done on ammonia volatilization from other wastewaters,
especially sludge and animal waste ponds (Arogo et al., 1999; Liao et al., 1995; Limoli et
al., 2016; Ni, 1999; Provolo et al., 2017). Many of these studies also explore combined
treatment processes, with volatilization or air stripping as one component of the entire
treatment process.

Few studies exist regarding the amount of natural volatilization

observed in landfill leachate storage ponds or enhanced volatilization shown in storage
ponds with evaporation systems, which is the focus of this work.
Table 2.3 summarizes the results of relevant studies on ammonia volatilization. As
expected, increasing air flow, pH, temperature, and study time all corresponded to
increased ammonia removal. Studies that used air stripping towers reported high levels of
volatilization, with as much as 99% ammonia-nitrogen removal observed when adjusting
to very high pH (12) and using very high air flow (30 L/min) (dos Santos et al., 2020).
However, pH adjustment to 11 and air flow rates between 0 – 5 L/min were more common
(Cheung et al., 1997; Marttinen et al., 2002; Ozturk et al., 2003). Reported ammonianitrogen removal rates from stripping towers were consistently high when combined with
pH adjustment (dos Santos et al., 2020; Liao et al., 1995; Marttinen et al., 2002). While
some ammonia-nitrogen removal rates from constructed wetland systems such as that used

19

by Mehood et al. (2009) could be quite high, the studies hypothesize that volatilization is
likely only a major removal pathway in summer months or when pH is elevated.
Ammonia volatilization can be quite effective for removing ammonia from aqueous
solutions, under the right conditions. It is important to note, however, that volatilization is
not the only pathway for ammonia-nitrogen removal, and removals reported in Table 2.3
are overall ammonia-nitrogen removal percentages. However, due to the high pH values
used in the studies and because these studies are often short (24-hour studies are common)
it is unlikely that other processes, such as nitrification, contribute significantly to ammonianitrogen removals, and volatilization was believed to be the predominant ammoniaremoval mechanism. In addition, moderate COD removals have been shown in air
stripping experiments, with removal rates between 4 – 47% (Cheung et al., 1997; dos
Santos et al., 2020; Marttinen et al., 2002; Ozturk et al., 2003). The reduction in COD in
these studies has been attributed to precipitation, with many studies reporting issues with
increased solids generation when leachate pH is adjusted. In a pH adjustment study using
lime, Ho et al. (1974) found that total solids concentration was highest when pH was
adjusted to 12, at 7,470 mg/L, compared to 6,920 mg/L in the untreated leachate (Ho et al.,
1974). Cheung et al. (1977) found that precipitation of solids due to pH adjustment
required an extended settling period to remove solids that did not settle in shorter periods
(Cheung et al., 1997). Dos Santos et al. (2020) found that the solids issue was reduced
when sodium hydroxide was used as the pH adjustment agent, with only 2 g of dry sludge
formed per liter of leachate compared to 65 g/L formed when lime was used (dos Santos et
al., 2020). Some of the solids generated have been found to be heavy metals, with Ho et
al. (1974) reporting near total removal of iron due to pH adjustment (Ho et al., 1974).
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Table 2.3. Summary of Ammonia Removal Via Various Volatilization Methods.
Reference

Type of
Liquid

(Cheung et al., MSW
1997)
leachate

Initial Ammonia
Concentration
(mg-N/L)
631

Description of Setup
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(dos Santos et
al., 2020)
(Marttinen et
al., 2002)

MSW
leachate
MSW
leachate

1158
140 - 150

•
•
•
•
•
•

(Ozturk et al.,
2003)

MSW
leachate

1025

•
•
•
•

(Mehmood et
al., 2009)
(Cao et al.,
2019)
(Liao et al.,
1995)

MSW
965
leachate
Swine
612
wastewater
Swine
700 – 2200
wastewater

•
•
•
•
•
•
•
•
•

Laboratory aeration tanks, 24-hour study period
pH adjustment to 11-12, air flow 0 L/min
pH adjustment to 11-12, air flow 5 L/min
Laboratory-based air stripping tower, 9-day study period
pH adjustment to 12, air flow 30 L/min
Laboratory-based air stripping tower, 24-hour study
period
pH adjustment to 11, 20°C, air flow 0.2 L/min
pH adjustment to 11, 6°C, air flow 0.2 L/min
no pH adjustment, 20°C, air flow 0.2 L/min
Laboratory-based air stripping tower, 24-hour study
period
pH adjustment to 10
pH adjustment to 11
pH adjustment to 12
4 aerated lagoons in series
Droplet sprayer system over heated water pipes
pH 7, 11 day treatment, 5 minutes spraying/hour
Laboratory air stripping towers
pH adjustment to 11.5, 7-hour treatment, air flow 90
L/min
pH adjustment to 9.5, 55-hour treatment, air flow 45
L/min

Ammonia
Removal (%)
81
90
99
89
64
44
75
91
95
99
90
90
91

2.4.1.3 Modeling of volatilization
Ammonia-nitrogen present in aqueous solutions has many potential pathways for
transformation. In order to determine the fraction of ammonia-nitrogen that is volatilized
or in order to predict volatilization when measurement is not practical, development of a
model to predict the rate of volatilization is necessary. To calculate the amount of ammonia
volatilized from a liquid, the concentration of liquid-phase free ammonia must be known,
since only free ammonia is able to be volatilized. This concentration can be calculated
using Eq. (2.1) (Metcalf & Eddy, 2014).
[𝑁𝑁𝑁𝑁3 ]𝑙𝑙 =

[𝑁𝑁𝑁𝑁3 ]×10𝑝𝑝𝑝𝑝

(2.1)

1
+10𝑝𝑝𝑝𝑝
𝐾𝐾𝑎𝑎

where, [NH3]l is the concentration of free ammonia in the liquid (mg/L-N), pH is the pH
of the liquid and Ka is the ionization constant for ammonium (unitless), that depends on
temperature.
The amount of ammonia volatilized to the air can then be calculated by use of
Henry’s law; applying a mass transfer coefficient to the concentration of free ammonia in
the liquid, such as shown in Eq. (2.2).
𝑆𝑆𝑆𝑆

𝑟𝑟 𝑉𝑉𝑉𝑉𝑉𝑉 = [𝑁𝑁𝑁𝑁3 ]𝑙𝑙 𝐾𝐾𝑂𝑂𝑂𝑂 � 𝑉𝑉 �

(2.2)

where, rVOL is the rate of volatilization, [NH3]l is the liquid-phase free ammonia
concentration (mg/L-N), KOL is the ammonia mass transfer coefficient (m/day), SA is the
liquid surface area (m2), and V is the liquid volume (L).
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While the mass-transfer concept is applied to model volatilization, different
methods to model the mass transfer of ammonia exist. Table 2.4 provides a summary of
methods used to model the mass transfer of ammonia. Generally, the equations are
developed based on theoretical considerations and tested using volatilization data in order
to determine any empirical values. These models often relate the mass transfer of ammonia
to climatological factors such as velocity of the air above the liquid and/or the turbulence
of the air, the temperature of the liquid, the temperature of the air, viscosity of the air,
density of the air, and diffusivity of ammonia in air, although differences exist between
models. Wind speed was found to be a major factor influencing ammonia mass transfer,
with increasing wind speed resulting in higher amounts of volatilization (Arogo et al.,
1999; Rong et al., 2009; Sommer and Olesen, 2000). Arogo et al. (1999) found that while
increasing liquid temperature promoted volatilization, decreasing air temperature resulted
in higher volatilization rates. They suggested that a controlled environment in which a
high liquid temperature (35°C) and a low air temperature (15°C) would be ideal for
volatilization. They hypothesized that this was due to an increase in the mass transfer rate
across the liquid surface caused when a warmer liquid surface creates a turbulent boundary
layer of warmer air immediately above the liquid, coming into contact with the surrounding
cooler air (Arogo et al., 1999). Several studies have also explored the link between
volatilization and pH, confirming that increased pH resulted in increased volatilization, as
expected from volatilization theory (Sommer and Olesen, 2000; Ye et al., 2008).

23

Table 2.4. Summary of Studies Modeling Mass Transfer of Ammonia.
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Reference Equation and Variables
(Arogo et
𝐷𝐷𝐴𝐴−𝑎𝑎𝑎𝑎𝑎𝑎 0.58 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 0.31 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎 0.12 𝑇𝑇𝐿𝐿 0.77
𝐾𝐾
=
𝐶𝐶
𝑂𝑂𝑂𝑂
al., 1999)
𝐿𝐿0.88 𝜌𝜌 0.31 𝑇𝑇 0.77

Remarks
• Developed equation to add
effect of system geometry
(pond length) and air
temperature, which are not
often explored
• Coefficient increased with
increasing air velocity and
liquid temperature, but
decreased with air
temperature

(Sommer
and
Olesen,
2000)

•

•
•
•
•
•
•
•
•
•

•
•
•

(Ye et al.,
2008)

•
•
•
•

𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎𝑎𝑎

KOL is the mass transfer coefficient (m/s)
C is a fitting constant (unitless)
DA-air is the diffusivity of ammonia in air (m2/s)
µair is the air viscosity (kg/m-s)
Uair is the average wind speed (m/s)
TL is the pond temperature (°C)
L is the length of the water surface of the pond (m)
ρair is the air density (kg/m3)
Tair is the air temperature (°C)
1
𝐾𝐾 =
𝑟𝑟𝑎𝑎 + 𝑟𝑟𝑏𝑏 + 𝑟𝑟𝑐𝑐
K is the mass transfer coefficient (m/s)
ra is the resistance in the turbulent layer above the surface (s/m),
dependent on wind velocity above the surface and air and surface temp.
rb is the resistance in the laminar boundary above the surface (s/m),
dependent on the friction velocity
rc is the resistance within the slurry (s/m), dependent on water content
𝐷𝐷𝑎𝑎
𝑘𝑘𝐶𝐶 =
𝛿𝛿𝐷𝐷
kC is the mass transfer coefficient (m/s)
Da is the molecular diffusion coefficient (m2/s), dependent on air
temperature/pressure, molecular weights of ammonia and air, and
diffusion volumes of air and elements in ammonia
δD is the thickness of the diffusion boundary layer, m

•

•

•

Primarily tested theory on
animal slurry in soil, not in a
pond
Coefficient significantly
related to factors like wind
speed, surface pH

Developed scale model to
describe volatilization using
only wind/air related
parameters, but acknowledge
that development to include
other listed factors is needed
Increased pH increased
volatilization

2.4.2

Nitrification and denitrification
As previously discussed, nitrogen species in leachate, especially ammonia-

nitrogen, are often present in concerning concentrations in leachate. A very common
treatment approach to reduce nitrogen concentrations is through the processes of
nitrification and denitrification (Berge et al., 2006; Ilies and Mavinic, 2001; Im et al., 2001;
Kim et al., 2006; Welander et al., 1997). Nitrification is responsible for conversion of
ammonia-nitrogen to nitrite and nitrate.

Through denitrification, the products of

nitrification are further transformed to nitrogen gas which can then escape the liquid,
thereby reducing the overall concentration of nitrogen in the leachate. Many studies on
both nitrification and denitrification have been conducted, primarily focusing on the
relationships between temperature, ammonium-nitrogen load, hydraulic residence time
(HRT), and ex situ versus in situ treatment on nitrification and denitrification efficiency.
2.4.2.1 Nitrification overview
Nitrification occurs when nitrifying bacteria oxidize nitrogen, namely ammonium
ions. The bacteria responsible for nitrification are autotrophic, getting their energy from
inorganic carbon. Nitrification proceeds according to Equations (2.3) and (2.4), creating
nitrite as an intermediate product before eventual production of nitrate ions. The bacteria
primarily responsible for the oxidation of ammonium to nitrite are genus Nitrosomonas,
while the bacteria primarily responsible for oxidation of nitrite to nitrate are genus
Nitrobacter (Berge et al., 2005; Kim et al., 2006).
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑁𝑁𝑁𝑁4+ + 1.5𝑂𝑂2 �⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝑁𝑁𝑂𝑂2− + 2𝐻𝐻 − + 𝐻𝐻2 𝑂𝑂
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(2.3)

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑁𝑁𝑁𝑁2− + 0.5𝑂𝑂2 �⎯⎯⎯⎯⎯⎯⎯� 𝑁𝑁𝑂𝑂3−

(2.4)

Because nitrification is an autotrophic process, the growth rate of nitrifying bacteria
is slow (Berge et al., 2005; Shammas Kh., 1986). This must be taken into consideration
when developing nitrification as a means of leachate treatment, as enough detention time
must be given to allow for bacteria growth, with hydraulic residence times for nitrification
typically ranging between 1 – 5 days (Welander et al., 1997; Yusof et al., 2010).
In order for nitrification to proceed, conditions must be favorable for the nitrifying
bacteria. Many factors influence the ability for nitrification to occur, and at what rate, such
as dissolved oxygen content, alkalinity, pH, and temperature.

Dissolved oxygen

concentrations of at least 1.0 -2.0 mg/l, pH from 5.5 – 9.0, and temperatures ranging from
5°C - 40°C are optimal to encourage nitrification (Wiszniowski et al., 2006). The inorganic
carbon source used to create cellular material in nitrification is generally in the form of
bicarbonate alkalinity, the predominant form of carbonic acid at the pH ranges typical for
nitrification. In addition, alkalinity is destroyed by the production of hydrogen and nitrite
ions during the nitrification process (Berge et al., 2005; Gerardi, 2002). For each mole of
ammonium nitrified, two moles of bicarbonate are required (Metcalf & Eddy, 2014), so
sufficient alkalinity must also be present for nitrification to proceed.

More details

associated with the influence of these parameters on the nitrification process are discussed
in Section 2.4.2.3.
2.4.2.2 Nitrification kinetics
Several kinetic models have been used to approximate nitrification kinetics. A
summary of kinetic models used in the literature is provided in Table 2.5. Monod kinetics
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are widely used because they describe first-order growth at low ammonia-nitrogen
concentrations and zero-order growth at high concentrations (Berge et al., 2006; Shammas
Kh., 1986), which is shown in Table 2.5. Other forms of the Monod model have been used,
such as that described by Chen et al. (2006). In this expression, the Monod model is
expanded to also account for the influence of dissolved oxygen (Chen et al., 2006). This
approach of using multiplicative Monod kinetics to describe the influence of several
parameters has also been used by others (Berge et al., 2007). While Monod kinetics are
common, some studies have used first-order or zero-order kinetic models, often in order to
simplify the rate expressions (Ling and Chen, 2005), especially when detailed substrate
decay information is not known. The first-order model has been applied in several cases,
and defines the rate of nitrification based on substrate concentration. Ling and Chen (2005)
found that first-order equations adequately fit their data when ammonia-nitrogen
concentrations were low. Zero-order models are sometimes used as well, depending on
data fit (Gao et al., 2013; He et al., 2006; Wong-Chong and Loehr, 1975). He et al. (2006),
for example, found that during a nitrification study data in their nitrifying reactor fit a zeroorder model best (He et al., 2006).
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Table 2.5. Summary of Methods Used to Model Nitrification
Model
Monod

Firstorder

Equation and Definition of Variables
𝑘𝑘𝐶𝐶𝑁𝑁
𝑅𝑅 =
𝐾𝐾𝑠𝑠 + 𝐶𝐶𝑁𝑁
• R is the ammonia removal rate (mg-N/g dry wasted)
• k is the specific removal rate of ammonia (mg-N/dg dry waste)
• CN is the total NH3-N concentration (mg-N/L)
• Ks is the half-saturation constant (mg-N/L)
𝑆𝑆
𝐶𝐶
𝑅𝑅 = 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 ×
×
𝐾𝐾𝑆𝑆 + 𝑆𝑆 𝐾𝐾𝑐𝑐 + 𝐶𝐶
• R is the substrate removal rate (g/m3-day)
• Rmax is the max. substrate oxidation rate (g/m2-day)
• S is the limiting substrate concentration (g/m3)
• Ks is the half-saturation constant (g/m3)
• C is the concentration of dissolved oxygen in the
reactor (g/m3)
• Kc is the half-saturation constant of oxygen (g/m3)
𝐸𝐸
𝑘𝑘 = 𝐴𝐴0 exp (− )
𝑅𝑅𝑅𝑅
• k is the oxidation rate (g-N/g substrate-day)
• A0 is a frequency factor (day-1)
• E is the activation energy (kcal/mol)
• T is the temperature (K)
• R is the universal gas constant.
•
•
•
•

Zeroorder

•
•
•
•
•
•

𝑌𝑌 = 𝑌𝑌0 𝑒𝑒 −𝑘𝑘𝑘𝑘
Y is the reaction rate (mg-N/d)
Y0 is the maximum concentration (mg-N/L)
k is the decay rate (day-1)
t is the time (day)
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟 =
(𝑆𝑆 − 0.07)
𝐾𝐾𝑠𝑠
r is the reaction rate (mg-N/m2-d)
Rmax is the maximum removal rate (mg-N/m2-d)
Ks is the half-saturation constant (mg/L)
S is the ammonia-nitrogen concentration (mg/L)
𝑑𝑑𝑑𝑑
= −𝑘𝑘
𝑑𝑑𝑑𝑑
A is the concentration of ammonia-nitrogen (mgN/L)
kt is the time constant (mg-N/L-h)
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2.4.2.3 Effect of leachate and environmental conditions on nitrification
Many studies have explored the effect of various parameters on the nitrification
process. A summary of these studies related to landfill leachate is given in Table 2.6. The
free ammonia concentration is an important factor affecting nitrification because it is
known to inhibit nitrifying bacteria, especially the bacteria responsible for oxidizing nitrite
to nitrate, Nitrobacter. Temperature and pH are both factors that influence the amount of
free ammonia present in leachate. As shown in Table 2.6, nitrification dependence on
temperature has been widely studied. Low temperatures are not conducive to high rates of
nitrification, while increasing temperature generally increases observed nitrification. The
optimum temperature range for nitrification is often between 25°C - 32°C (Gerardi, 2002;
Kim et al., 2006; Yusof et al., 2010). Low temperatures (below 5 - 10°C) and high
temperatures (above 40 - 45°C) have been shown to have an inhibitory effect on
nitrification (Gerardi, 2002; Kim et al., 2006), although nitrification can occur at these
extremes given sufficient aeration, residence time, and biomass concentrations (Hoilijoki
et al., 2000; Jokela et al., 2002; Welander et al., 1997). Because of the dependence of free
ammonia concentration on pH, pH of the leachate is also an important consideration for
nitrification.

The optimal pH range for nitrifying bacteria is between 5.5 – 9.0

(Wiszniowski et al., 2006), although pH around 6.5 – 8.5 is most commonly used (Kim et
al., 2006; Welander et al., 1997; Yusof et al., 2010; Zhong et al., 2009).
Many studies also directly varied the ammonia-nitrogen loads in order to study the
effect on nitrification. Kim et al. (2006) found that increasing the ammonia-nitrogen load
decreased the efficiency of nitrification, likely due to expected increased free ammonia
concentrations at the temperature and pH used (Kim et al., 2006). Since Nitrobacter are
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more inhibited by free ammonia concentrations than Nitrosomonas, with Nitrobacter
reported to be inhibited by free ammonia concentrations ranging from 0.1 – 1.0 mg/L and
Nitrosomonas from 10 – 150 mg/L (Kim et al., 2006; Yusof et al., 2010), there is potential
for partial nitrification at certain free ammonia concentrations, causing a buildup of nitrite.
However, given time to adjust to increased ammonia-nitrogen loadings, nitrification can
proceed. For example, Yusof et al. (2010) reported that an accumulation of nitrite was
seen when the ammonia-nitrogen load was suddenly increased, before nitrification
stabilized and removal of nitrite to nitrate occurred (Yusof et al., 2010). Also, Berge et al.
(2006) compared nitrification between regular, unacclimated waste to acclimated waste,
which had been exposed to nitrifying bacteria and was capable of removing high ammonianitrogen concentrations. They found that nitrification proceeded in both wastes, with
higher specific rates of ammonia removal in the acclimated waste (Berge et al., 2006).
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Table 2.6. Summary of Relevant Studies on Effect of Various Parameters on Nitrification.
Reference
(Kim et al.,
2006)

Experimental
Setup Summary
Semi-pilot scale
airlift biofilm
reactor, DO
between 3-5 mg/L,
pH 7.5 +/-0.1
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(Welander Suspended-carrier
et al., 1997) biofilm (with
plastic carriers)
reactors, pH 7.5
(Hoilijoki
Activated sludge
et al., 2000) reactors, pH 6.5 –
7.5
(Yusof et
al., 2010)

Activated sludge
reactors, pH 7.5,
DO minimum 2
mg/L

(Knox,
1985)

Activated sludge
plant and trickling
filter plant, pH
7.5, DO minimum
2 mg/L

Summary of Parameters Varied Summary of Results
Varied initial NH4-N load (kg
•
-3 -1
m d ) and temp. (°C) over 300
days to study effect on
•
nitrification efficiency (%)
Varied temp., hydraulic
residence time (HRT), and
NH4-N concentration

•

Used plastic carrier material
and no carrier, raw and
anaerobically pretreated
leachate, varied temp. over 188
days
Two stages: low NH4-N load
(0.4 – 0.9 kg m-3d-1 with high
HRT (3.25 day) for 60 days;
high NH4-N load (1.5 – 3 kg m3 -1
d with low HRT (0.7 day) for
70 days
2-year field study, monitored
changing conditions like temp.
(ranged from below freezing to
20°C)

•

•

•
•

•

Low temp. (11°C) resulted in lower nitrification (70%),
nitrification rose to 100% as temperature rose to 33°C
Increasing NH4-N load (0.9 – 1.6 kg m-3d-1) decreased
nitrification (80 – 35%) at 18°C, but at 28°C NH4-N
load of 1.5 kg m-3d-1 did not inhibit nitrification (stayed
100%)
Weak dependence on temp. from 5 - 20°C compared to
HRT
Decreased HRT resulted in higher nitrification rates, but
also high ammonium discharge rates
Decreasing temp. (10 - 5°C) increased effluent ammonia
conc. – removal from 100% at 10°C, 93% at 7°C, 61%
at 5°C for no carrier experiments. With carrier,
achieved 100% removal at 5°C
High (99%+) ammonia removal rates were observed
throughout the study
During transition when NH4-N load was abruptly
increased, accumulation of NO2-N was seen before
stabilizing
Nitrification rates were high throughout, with little (less
than 20 mg/L in activated sludge plant, less than 35
mg/L in trickling filter plant) ammonia-nitrogen in the
effluent. Increased temperature resulted in increased
ammonia removal rates for both plants

•

While ammonia removals were adequate, activated
sludge plant showed higher BOD effluent
concentrations and poor solid/liquid separation
compared to the trickling filter plant
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2.4.2.4 Denitrification overview
Denitrification is an anoxic process during which denitrifying bacteria degrade
nitrate and nitrite ions ultimately to nitrogen gas. Denitrifying bacteria are generally
heterotrophic, facultative anaerobes that use nitrate as an electron acceptor in the absence
of oxygen (Gerardi, 2002; Plüg et al., 2015; Wiszniowski et al., 2006). Denitrification
involves multiple steps and intermediate components, with the ultimate product being
molecular nitrogen (or nitrogen gas), as illustrated in Equations (2.5) – (2.8) (Berge et al.,
2005; Knowles, 1982; Wiszniowski et al., 2006). The final product of gaseous nitrogen
escapes the leachate during the denitrification process, thereby reducing the nitrogen
content of the leachate if denitrification proceeds to completion.
𝑁𝑁𝑁𝑁3− + 2𝑒𝑒 − + 2𝐻𝐻 + → 𝑁𝑁𝑂𝑂2− + 𝐻𝐻2 𝑂𝑂

(2.5)

2𝑁𝑁𝑁𝑁 + 2𝑒𝑒 − + 2𝐻𝐻 + → 𝑁𝑁2 𝑂𝑂 + 𝐻𝐻2 𝑂𝑂

(2.7)

𝑁𝑁𝑂𝑂2− + 𝑒𝑒 − + 2𝐻𝐻 + → 𝑁𝑁𝑁𝑁 + 𝐻𝐻2 𝑂𝑂

𝑁𝑁2 𝑂𝑂 + 2𝑒𝑒 − + 2𝐻𝐻 + → 𝑁𝑁2 (𝑔𝑔) + 𝐻𝐻2 𝑂𝑂

(2.6)

(2.8)

Because most denitrifying bacteria are heterotrophs, denitrification occurs more
easily in young landfill leachates, which are characterized by high organic content (Berge
et al., 2005; Wiszniowski et al., 2006; Zhong et al., 2009).

Denitrification is also

responsible for recovering half of the alkalinity lost during nitrification (Metcalf & Eddy,
2014). Denitrification depends on a variety of factors, including presence of an organic
carbon source, absence of molecular oxygen, pH, and temperature.
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2.4.2.5 Denitrification kinetics
As in nitrification kinetics, Monod models are most often used to describe
denitrification kinetics and follow a similar form to nitrification, as seen in Table 2.7. The
removal rate for nitrate is dependent on substrate concentration and rate of biodegradation,
which can be accounted for in the Monod model (Berge et al., 2006; Kopec et al., 2019).
Kopec et al (2019) included a theoretical Monod model that also accounted for the
limitations due to nitrate concentrations, but stated that because the half-saturation constant
for nitrate (KN, Table 2.7) is very low, the expression accounting for nitrate concentration
could be assumed to be 1 and the model would follow a similar expression to the first
Monod equation in Table 2.7 (Kopec et al., 2019). In addition to Monod kinetic models,
first-order or zero-order models can also be used to simplify rate expressions, and Koenig
and Liu (2001) used a half-order model to describe autotrophic denitrification kinetics.
The first-order model given by Foglar and Briski (2003) hypothesize that while the overall
equation is first-order, the rate at which nitrate is converted to nitrite is zero-order, but that
the biomass growth rate follows a first-order expression (Foglar and Briški, 2003). Gao et
al. (2013) suggested that after an initial acclimation phase, the zero-order model fit
denitrification data better than a first-order model (Gao et al., 2013).
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Table 2.7. Summary of Methods Used to Model Denitrification
Model
Monod

First-order

Equations and Definition of Variables
𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 𝑆𝑆
𝜇𝜇 =
𝐾𝐾𝑚𝑚 + 𝑆𝑆
• µ is the substrate removal rate (g/g dry
substrate-day)
• µmax is the maximum substrate removal (g/g
dry substrate-day)
• S is the nitrogen concentration (g-N/L)
• Km is the half-saturation constant (g-N/L)
𝐶𝐶𝑁𝑁
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑉𝑉 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ×
×
𝐾𝐾𝑁𝑁 + 𝐶𝐶𝑁𝑁 𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
• V is the rate of denitrification (g/g-day)
• Vmax is the maximum rate of denitrification
(g/g-day)
• CN and CCOD are the concentrations of nitrate
and COD (g-N/L and g/L)
• KN and KCOD are the half-saturation constants
for nitrate and COD (g-N/L and g/L)
𝑑𝑑[𝑁𝑁𝑁𝑁3 − −𝑁𝑁]
𝑑𝑑𝑑𝑑
= −𝑘𝑘[𝑁𝑁𝑁𝑁3 − − 𝑁𝑁]0 𝑋𝑋 ; 𝑑𝑑𝑑𝑑 = 𝜇𝜇𝜇𝜇
𝑑𝑑𝑑𝑑
•
•

Zero-order

Half-order

•
•
•
•
•
•
•
•
•

[NO3--N] is the concentration of nitrate (mgN/L)
k is the reaction rate constant, specific
denitrification rate (mg-N/g susbstrate-h)
X is the biomass concentration (g/L)
µ is the specific growth rate constant (L/h)
𝐶𝐶 = 𝐶𝐶0 − 𝐾𝐾0 𝑡𝑡
C is the concentration of nitrate (mg-N/L)
C0 is the initial concentration of nitrate (mgN/L)
K0 is the rate constant (mg/h)
t is the time (h)
𝑅𝑅𝑎𝑎 = 𝐾𝐾�1�𝑎𝑎 𝐶𝐶 1/2
2

Ra is the removal rate (mg/h)
K1/2,a is the half-order reaction rate constant
(mg/h)
C is the concentration of substrate (mg/L)
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2.4.2.6 Effect of environmental and operational conditions on nitrification and
denitrification
While there are many studies solely regarding nitrification of landfill leachate
(Table 2.6), denitrification is more often studied in conjunction with nitrification, due to
the need for nitrate to begin denitrification. Several factors affect denitrification including
temperature, presence of organic carbon, presence of nitrate, and oxygen concentrations.
Similar to nitrification, low temperatures can inhibit denitrifying bacteria. Ilies and
Mavinic (2001) observed that this occurred at a higher temperature in denitrification (17°C)
compared to nitrification (10 - 14°C). Presence of sufficient organic carbon is also
necessary for denitrification to occur. In young leachates high in volatile fatty acids,
organic carbon is present in sufficient quantities for growth of denitrifying bacteria, while
older leachates with low organic content can require a supplementary source of organic
carbon (Ilies and Mavinic, 2001; Price et al., 2003). Since it is an anoxic process, presence
of excessive dissolved oxygen can inhibit denitrification (Gerardi, 2002; Qu et al., 2015).
For optimal denitrification, it is recommended that dissolved oxygen concentration be
below 0.5 – 1.3 mg O2/L (Medhi et al., 2017; Wiszniowski et al., 2006), although studies
also suggest lower concentrations can also be inhibitory (Lie and Welander, 1994).
However, in environments with higher oxygen content denitrification can still proceed, but
may not complete. The high oxygen content is inhibitory to production of the enzyme
needed to convert nitrous oxide to nitrogen gas, resulting in partial denitrification and an
accumulation of nitrous oxide (Berge et al., 2006).
Nitrification and denitrification may occur simultaneously or sequentially, with
both processes occurring in situ, both processes occurring ex situ, or one process in situ
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and the other ex situ to the landfill. Landfill operations and goals generally dictate how
these processes are conducted (e.g., simultaneous, sequential, in situ, ex situ). If the landfill
is operated as a bioreactor and leachate is recirculated, the potential for these processes to
in situ exists. However, if the landfill is operated conventionally, these processes generally
occur ex situ to the landfill (Berge et al., 2006; Ilies and Mavinic, 2001; Im et al., 2001).
Table 2.8 provides a summary of studies in which nitrification and denitrification
of leachate were both studied. Berge et al. (2006) evaluated the potential for in situ
nitrification and denitrification to occur simultaneously. This scenario is only possible if
there is sufficient oxygen in the landfill, usually introduced with the goal of aerating the
landfill (often referred to as an aerobic bioreactor landfill) (Berge et al., 2006; Giannis et
al., 2008; Reinhart et al., 2002). Berge et al. (2006) found that simultaneous in situ
nitrification and denitrification was possible, with high observed ammonia-nitrogen
removal rates. Observed ammonia-nitrogen removal rates in that study increased with
increasing ammonia-nitrogen content, with the highest removals in the range of 0.15 – 0.21
mg-N/g dry waste-day. Denitrification was also observed in the study, with nitrogen gas
production observed at as much as 26.5% of total nitrogen initially present. However,
production of nitrous oxide suggested some partial denitrification occurred, likely due to
high oxygen concentration and low carbon-to-nitrogen ratios.

The high oxygen

concentrations present were likely inhibitory to production of the enzyme that converts
nitrous oxide to nitrogen gas, resulting in the accumulation of nitrous oxide (Berge et al.,
2006).
While in situ nitrification is possible with appropriate landfill conditions, more
commonly nitrification is completed ex situ the landfill, with denitrification occurring in
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situ. Denitrification has the potential to occur in situ if anoxic conditions exist. Several
studies have investigated the potential for sequential ex situ nitrification followed by in situ
denitrification, by which leachate collected from the landfill would first undergo
nitrification before being recirculated through the landfill to undergo denitrification (He et
al., 2006; Jokela et al., 2002; Li et al., 2019; Zhong et al., 2009). In this case, care must be
taken to ensure nitrate levels in the nitrified leachate do not inhibit methanogenic activity
in the landfill during denitrification, in order that accelerated decomposition of waste can
occur (Jokela et al., 2002; Zhong et al., 2009). Generally though, these studies concluded
that ex situ nitrification followed by recirculation and in situ denitrification has great
potential for nitrogen removal from leachate. In one such study, Jokela et al. (2002)
observed nitrification efficiencies between 75 – 99%, followed by successful
denitrification resulting in TKN removal between 35 – 71% (Jokela et al., 2002). Zhong
et al. (2009) saw similarly high ammonia-nitrogen removal rates in the nitrification
process, along with complete removal of total oxidized nitrogen through denitrification
(Zhong et al., 2009). These studies also reported significant COD removals, ranging from
53 – 63% (Jokela et al., 2002; Zhong et al., 2009).
Nitrification and denitrification are also commonly both conducted ex situ of the
landfill. In this case, denitrification can occur before or after nitrification, with both
methods having advantages.

However, in the case that denitrification precedes

nitrification, steps must be taken to ensure adequate nitrate concentrations are present. This
is often done by recirculation of the wastewater. Im et al. (2001) saw high denitrification
and nitrification rates (as high as 99%) when denitrification was conducted prior to
nitrification. Their experimental setup involved an internal recycle in the anaerobic reactor
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that was three times the flow rate of new influent, and effluent from the clarifier after the
aerobic reactor was also recirculated into the anaerobic reactor. They attributed the success
of the denitrification-nitrification process in part to the high presence of organics in the
young leachate, which provided substrate for the denitrification process and were removed
prior to nitrification (Im et al., 2001). For very high (>2,200 mg-N/L) ammonia-nitrogen
concentrations, Ilies and Mavinic (2001) suggested a four-stage process in which an anoxic
reactor was followed by an aerobic reactor, another anoxic reactor, and a final aerobic
reactor. They also included an internal recycle process, recycling leachate from the first
aerobic reactor into the first anoxic reactor. While the focus of the study was to relate the
processes to temperature, they found high nitrogen removals with the initial addition of
methane as an organic source for denitrification (Ilies and Mavinic, 2001).
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Table 2.8. Summary of Relevant Studies on Nitrification and Denitrification of Leachate
Reference

Experimental
Setup Summary

(Ilies and
Mavinic,
2001)

Two 4-stage
Bardenpho
systems (anoxicaerobic-anoxicaerobic setup)

(Im et al.,
2001)

Anaerobic reactor
followed by
aerobic reactor

Summary of
Parameters Varied /
Objectives
Varied temp. (°C)
over 51 days to study
effect on nitrification
and denitrification

Summary of Results

Ammonia-nitrogen
loading, organic
loading varied

•

•

•

•
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•
(Jokela et
al., 2002)

(Zhong et
al., 2009)

Ex situ
nitrification
followed by in situ
denitrification (lab
set ups, then pilot
study)
Ex situ
nitrification
followed by in situ
denitrification

Ammonia-nitrogen
loading, nitrification
was done using:
upflow filters,
downflow filters,
suspended carrier
biofilm
DO varied in
nitrification, Total
oxidized nitrogen
varied in
denitrification
experiments

•

•
•

Decreasing temp. (20 - 14°C) increased effluent NOx conc. (170
– 300 mgN/L) while maintaining zero ammonia effluent;
decreasing temp to 10°C increased NOx conc. but also saw small
(40 mgN/L) ammonia conc.
Denitrification was inhibited starting at 17°C, nitrification was
inhibited at 10 - 14°C.
Anaerobic reactor removal rates: 15.2 kg COD/m3d, over 99%
denitrification efficiency (1.04 kg NO3-N/m3-d)
Aerobic reactor removal rates: 0.84 kg NH4-N/m3d; 0.50 kg
NO3-N/m3d. pH range 6 – 8.8 optimal
Large enough aerobic reactor allows for organics removal and
more efficient nitrification
Nitrification efficiency was high (often >90%) for all 3 setups,
both in the lab and pilot study; COD removals were high in the
upflow and biofilm setups, but no COD removal was seen in the
downflow experiment
Denitrification successful, COD rates increased, TKN removal
was between 35 – 71%. Similar methane and carbon dioxide
production was seen in denitrification versus control
Nitrification reactor: effluent ammonia concentrations were low
(removal over 99%), most effluent nitrogen was nitrate.
Lowered DO to 0.8- 1.0 mg/L and saw increase in ammonia and
nitrite. COD removal between 58 – 93%

•
(Berge et
al., 2006)

In situ nitrification
and denitrification

Acclimated and
unacclimated waste,
added spikes of NH3N to observe
reactions during
acclimation

•
•

Denitrification: no nitrate or nitrite detected, alkalinity
generated, pH increased, effluent COD concentrations same as
control but decreased rapidly
Acclimation: levels of ammonia, nitrate, nitrite indicted
nitrification and denitrification (some of which was autotrophic)
Both acclimated and unacclimated tests suggested nitrification
and denitrification occurred, but ammonia removal rate was
higher with acclimated waste
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2.5 LEACHATE EVAPORATION
Leachate evaporation has been used to reduce the quantity of leachate that needs to
be treated. Reducing leachate volume has the potential to result in lower treatment costs,
depending on several factors including the upfront and operational cost of the evaporation
system used, cost of the treatment method, and transportation costs. Depending on how
leachate is stored at a landfill, some amount of evaporation can occur naturally, however,
this amount is usually small. Therefore, many different methods have been used to enhance
the naturally observed evaporation. This section will describe different methods that have
been used to predict natural evaporation from ponds, review observed natural evaporation,
review the variety of methods used to enhance natural evaporation, and look specifically
at enhanced evaporation observed from droplet sprayer systems.
2.5.1

Methods used to predict natural evaporation
Measuring or predicting natural evaporation of liquids from pond surfaces has been

widely studied. Measurement of evaporation is possible but can be difficult and sometimes
inaccurate (Eagleman, 1967). For this reason, many methods have been developed which
attempt to more accurately predict natural evaporation based on a variety of factors such
as temperature, humidity, wind speed, impoundment surface area, and vapor pressure
(Harbeck, 1962; Harwell, 2012; Penman, 1948; Priestley and Taylor, 1972).
The water-balance method is a basic technique which can be used to determine the
amount of evaporation from a water body (Burt et al., 2005; McJannet et al., 2013; Winter
et al., 2003). However, it can only be used to determine actual evaporation after the fact
and requires changes in volume of water and all influents and effluents be known (Burt et
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al., 2005; McJannet et al., 2013). This can be difficult depending on the pond. More often,
the water balance is used to measure seepage from unlined ponds, since other measurement
and prediction techniques exist for evaporation (Gronewold et al., 2020; LaBaugh et al.,
1997). Pan evaporation is widely used to measure evaporation. In this method, a metal
pan measuring approximately four feet in diameter by ten inches deep and equipped with
a depth measurement gauge is used to measure evaporation from a particular area (NOAA,
1982a). However, while this method can be used to measure evaporation on specific sites,
it does not take into account differences in the pan and the impoundment in question
(Rosenberry et al., 2007; Shirsath and Singh, 2010). Pan evaporation estimates have been
found to be less accurate than other methods in predicting evaporation from water bodies
because they do not account for differences in the effect of wind speed and flow, air
temperature and humidity due to the size of the impoundment (Rosenberry et al., 2007;
Sartori, 2000; Shirsath and Singh, 2010). For this reason, the National Oceanic and
Atmospheric Administration (NOAA) reports that evaporation from shallow lakes is
roughly 70% of the evaporation from a pan under the same conditions (NOAA, 1982b).
Xu and Singh (2001) reported up to 36% less evaporation when predicted by seven
different models versus the measured pan evaporation, and McJannet et al. (2013) reported
that pan evaporation underestimated total evaporation by around 20% (McJannet et al.,
2013; Xu and Singh, 2001).
Due to the limitations of measuring evaporation, many studies have been conducted
to develop theoretical or empirical equations that can be used to accurately predict
evaporation from a pond using a multitude of climatological and site-specific parameters.
Table 2.9 provides a list and description of models that have been used to predict natural
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evaporation from bodies of water.

The energy-balance method, which estimates

evaporation based on balancing the heat budget of the study area, is generally accepted to
be the most accurate means of calculating evaporation and has been used by many studies
to represent actual evaporation when evaluating accuracy of a model (Harbeck, 1962;
Harwell, 2012; Penman, 1948; Priestley and Taylor, 1972; Rosenberry et al., 2007).
However, the complexity of the calculations and the large number of required variables
which are not typically measured at a site make this method difficult to apply to most sites
(Harbeck, 1962; Harwell, 2012). Priestley and Taylor (1972) concluded that while the
energy-balance method could be very accurate, understanding how to apply variables such
as net radiation required an intimate knowledge of the subject. As such, they recommended
applying aerodynamic equations, which account for variations in factors like vapor
pressure and temperature above the liquid surface (Priestley and Taylor, 1972).
Because many of the models listed in Table 2.9 are complex or require variables
not readily known at many sites, studies have also been conducted in order to find
simplified, accurate means of predicting evaporation. Many studies explore simpler
methods that often use empirically derived constants and site-specific climatological
parameters (Condie and Webster, 1997; Harwell, 2012; Penman, 1948). Use of these
equations should be done cautiously, as using empirically derived equations in conditions
different than those for which they were developed can result in inaccurate predictions
(Harwell, 2012; Sartori, 2000). It is recommended that comparisons be made between
estimates using empirically derived constants and evaporation from pan or energy-balance
estimates, and constants be adjusted as needed (Harwell, 2012). In an attempt to mitigate
the need for site-specific modifications, the United States Weather Bureau (USWB)
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developed a model based on the Penman equations, but which used weather stations across
the United States to derive empirical constants in an equation suitable for use throughout
the country (Harwell, 2012).
The models described in Table 2.9 predict evaporation based on site-specific
climatological and geometrical factors.

These commonly include air and liquid

temperature, air and liquid vapor pressure, wind speed, humidity, solar radiation, and
impoundment surface area (Condie and Webster, 1997; Harwell, 2012; Penman, 1948).
The effect of these parameters on evaporation estimates was also discussed in many of the
studies. Wind speed and vapor pressure/temperature are some of the most important
factors influencing evaporation, with increased wind speed and temperature resulting in
higher evaporation rates (Condie and Webster, 1997; Harwell, 2012; Penman, 1948).
Many studies also considered these parameters as they varied over different heights over
the surface of the liquid, an approach called “aerodynamic equations” in the table (Penman,
1948; Priestley and Taylor, 1972). While increasing most of these typical parameters
results in increased evaporation, relative humidity has been found to be inversely
proportional to evaporation, with rising humidity resulting in less predicted evaporation
(Harwell, 2012).
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Table 2.9. Summary of Models Used to Describe Natural Evaporation from Water Bodies
Model

Equations and Definition of Variables

Energybalance
•
•
•
•
46

•
•
•

Aerodynamic
equations

•
•
•
•
•
•
•
•
•

𝑄𝑄𝑠𝑠 − 𝑄𝑄𝑟𝑟 − 𝑄𝑄𝑎𝑎 − 𝑄𝑄𝑎𝑎𝑎𝑎 − 𝑄𝑄𝑏𝑏𝑏𝑏 − 𝑄𝑄𝑥𝑥 + 𝑄𝑄𝑣𝑣 − 𝑄𝑄𝑏𝑏
𝜌𝜌(𝐿𝐿(1 + 𝑅𝑅) + 𝑐𝑐𝑇𝑇0 )
E is evaporation (m/s)
Qs and Qr are the incoming and reflected solar shortwave
radiation (W/m2)
Qa and Qar are the incoming and reflected atmospheric longwave
radiation (W/m2)
Qbs is the longwave atmospheric radiation emitted from the water
surface (W/m2)
Qx is the change in heat stored in the water body (W/m2)
Qv is the net energy from precipitation, surface, and ground water
(W/m2)
Qb is the net energy conducted from the water to the sediments
(W/m2)
ρ is the density of water (kg/m3)
L is the latent heat of vaporization (J/kg)
R is the Bowen ratio (dimensionless)
c is the specific heat capacity of water (J/kg-°C)
T0 is the water surface temperature (°C)
𝐸𝐸 = 0.376(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑑𝑑 )𝑢𝑢0.76
E is evaporation (mm/day)
es is saturated vapor pressure (mm mercury)
ed is the vapor pressure of the air (mm mercury)
u is the wind speed (mph)
𝐸𝐸 =

Description of
Model
Balances heat
budget of the liquid
and air to calculate
evaporation

References
(Harbeck, 1962;
Penman, 1948;
Priestley and
Taylor, 1972;
Rosenberry et al.,
2007)

Takes into account (Penman, 1948;
temperature and
Priestley and
pressure differences Taylor, 1972)
at varying heights
above the liquid
surface

Mass-transfer

Other
Empirical
formulas

•
•
•
•
•

•
•
•
•
•
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•
•
•
•
•
•
•
•
•
•

𝐸𝐸 = 𝑁𝑁𝑁𝑁(𝑒𝑒0 − 𝑒𝑒𝑎𝑎 )
E is evaporation (in/day)
N is the mass-transfer coefficient
u is the wind speed (mph)
e0 is the saturation vapor pressure of the water (millibars)
ea is the vapor pressure of the air (millibars)
∆
𝛾𝛾
𝑄𝑄𝑛𝑛 +
𝐸𝐸 �
∆ + 𝛾𝛾
∆ + 𝛾𝛾 𝑎𝑎
E is evaporation (mm/day)
Δ is the gradient of saturated vapor pressure
γ is the psychrometric constant
Qn is the effective net radiation (mm evap/day)
Ea is the amount of pan evaporation (mm/day)
𝑆𝑆
𝑄𝑄𝑛𝑛 − 𝑄𝑄𝑠𝑠
�
� × 86.4
𝐸𝐸 =
𝑆𝑆 + 𝛾𝛾
𝐿𝐿𝐿𝐿
𝛾𝛾
+
(0.26(0.5 + 0.54𝑈𝑈2 )(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎 ))
𝑆𝑆 + 𝛾𝛾
E is evaporation (mm/day)
S is the slope of the saturated vapor pressure-temperature curve at
mean air temperature (Pa/°C)
γ is the psychrometric constant (Pa/°C)
Qn is the net radiation (W/m2)
Qs is the solar radiation (W/m2)
L is the latent heat of vaporization (MJ/kg)
ρ is the density of water (kg/m3)
U2 is the windspeed at 2m above the surface (m/s)
es is the saturated vapor pressure of the air (mb)
ea is the vapor pressure of the air (mb)
𝐸𝐸 = 0.7 �

Predicts
evaporation based
on mass-transfer
coefficient, wind
speed, saturation
vapor pressure of
liquid and air
Developed based
on evaporation
data, takes into
account various
parameters like
wind speed, vapor
pressure, humidity,
air and water
temperature, and
solar radiation

(Harbeck, 1962)

USWB Model
(Harwell, 2012)

(Penman, 1948;
Rosenberry et al.,
2007)

2.5.2

Predicted and measured natural evaporation from ponds
As previously discussed, evaporation from storage and collection ponds occurs

naturally and can also be enhanced through the use of specially designed evaporation
systems. The amount of natural evaporation that occurs from ponds has been widely
studied. Table 2.10 provides a summary of observed evaporation values from storage
ponds, including one lab-based study. These studies were conducted on impoundments
with a range of surface areas that were exposed to a variety of temperatures. Long-term
studies were selected to ensure variations in short-term evaporation, which can be
significant, did not influence overall conclusions.
Observed evaporation in ponds ranged from around 0.37 mm/day to 5.2 mm/day.
Evaporation was measured via water balance by Sakita et al. (2016) and Benyoucef et al.
(2016), likely because these studies were on small leachate impoundments with easily
determined volume and in which loss due to seepage was negligible. The remaining studies
predicted evaporation either by the energy-balance method (LaBaugh et al., 1997; Winter
et al., 2003) or via many different methods in order to compare predicted evaporation rates
(McJannet et al., 2013; Rosenberry et al., 2007). For example, Rosenberry et al. (2007)
compared 14 different models to the energy-budget method for determining evaporation,
including the popular Preistley-Taylor, deBruin-Keijman, and Penman equations
(Rosenberry et al., 2007). Several of the studies reported higher evaporation volumes in
the warmer months (Benyoucef et al., 2016; Sakita et al., 2016; Winter et al., 2003).
However, when comparing studies, it is difficult to make any generalizations regarding
dependence on pond surface area or temperature, although evaporation is expected to be
dependent on both. This is likely due to the variety of techniques used to measure or predict
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evaporation between the studies, which have been shown to result in differing predictions
of evaporation even at the same site (McJannet et al., 2013; Rosenberry et al., 2007).
Table 2.10. Summary of Selected Literature Reporting Natural Evaporation from Ponds.
Reference

Liquid

(Sakita et al.,
2016)

MSW
leachate

(McJannet et
al., 2013)

Irrigation Pond /
water
Australia

(Rosenberry et
al., 2007)

Water

Pond/ Lake /
New
Hampshire

(Benyoucef et
al., 2016)

MSW
leachate

Tub / Lab
setting

(LaBaugh et
al., 1997)

Water

Pond/Lake /
Minnesota

(Winter et al.,
2003)

Water

Pond/Lake /
New
Hampshire

2.5.3

System /
Location

Setup Summary

Pond / Japan

Surface area approx. 390
m2; 2-year study period;
temp. 2°C - 33°C
Surface area approx. 0.17
km2; 18-month study
period; temp. 1.4°C –
39.8°C
Surface area approx. 0.15
km2; 37-month study
period; temp. -7°C –
19.3°C
Surface area approx. 0.7
m2; 6-month study period;
temp. avg. 19°C - 36°C
Surface area approx. 0.41
km2; 15-month study
period; temp. range -12°C
– 21°C
Surface area approx. 0.15
km2; 6-year study period;
temp. range -9°C – 19°C

Observed
Evaporation
(mm/day)
1.57
1.4 – 5.2

0.69 – 3.43

0.37 – 1.85
1.51

Up to 4.6

Techniques used to enhance leachate evaporation
Enhancing leachate evaporation can be accomplished in many ways, including via

introduction of a physical technology like an evaporation tower or droplet sprayer, or by
optimizing the environment for natural evaporation through construction of pond systems.
Physical technologies include heat-based evaporators, mechanical vapor recompression,
wind-enhanced systems, and sprinkler/droplet sprayer systems.
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Natural evaporation

techniques are focused on optimizing pond layout and are often designed with aeration and
movement of leachate in mind in order to enhance evaporation.
A variety of physical technologies to enhance evaporation have been developed.
Heat-based evaporators, which heat leachate in order to enhance evaporation, and
mechanical vapor recompression systems, which recompress the steam produced from
conventional evaporators for use as a heat source, are very common. These evaporators
are often used as part of a treatment facility in conjunction with further treatment such as
reverse osmosis or filtration. Leachate treatment studies using these types of evaporators
have reported high contaminant removals and evaporation rates as high as 90% (Birchler
et al., 1994; di Maria et al., 2018; di Palma et al., 2002; Ettala, 1998). However, the upfront
and operational costs associated with these systems can also be high, with costs as high as
$0.25/gallon (Birchler et al., 1994; Ettala, 1998).
An alternative to using complex evaporation systems is to evaporate leachate from
storage ponds or tanks, which are often already used by landfills to hold leachate prior to
treatment. Leachate evaporation from storage ponds, lagoons, and wetlands has been
widely studied (Benyoucef et al., 2016; Mæhlum, 1995; Martin and Johnson, 1995; Ogata
et al., 2015; Sakita et al., 2016; Townsend et al., 1995). Observed evaporation from these
systems has been high, as much as 0.8 in/day of depth-based evaporation, although
constructed pond systems can sometimes be complex as well and are frequently designed
and used to treat contaminants as well as encourage evaporation. Some amount of natural
evaporation occurs from collection/storage ponds and is based on site-specific parameters
like wind speed, leachate temperature, and pond surface area (Harwell, 2012), but many
different methods for measuring and predicting evaporation exist. In addition to natural
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evaporation, evaporation in ponds can also be enhanced. This is commonly done using
sprinkler/droplet sprayer systems that spray liquid into the air to increase the surface area
of liquid in contact with the air (Lorenzini, 2002; McLean, 2000; Ortíz et al., 2009;
Stambouli et al., 2013) or through use of wind-aided technologies such as Wind-Aided
Intensified Evaporation (WAIV), which drips liquid onto cloth sheets where it evaporates
(Hoque et al., 2010). These are often used in leachate ponds, but can also be used to spray
leachate on slopes or for recirculation.
2.5.4

Enhanced evaporation from spray systems
Of particular interest in this study is the effect of a droplet sprayer system on

evaporation. While few studies on leachate evaporation from droplet sprayer systems have
been conducted, extensive work has been completed in the agricultural industry on
evaporation losses from spray irrigation systems. Table 2.11 provides a summary of
observed evaporation from these studies. The observed evaporation is reported as a
percentage of the water passing through the sprinkler system, and studies were generally
short-term. As shown, evaporation losses varied significantly between studies, but in
general up to 15% of liquid passing through droplet sprayer systems was evaporated.
Several factors affect the evaporation observed from droplet sprayer systems, making
comparison between sites difficult. These factors can be equipment related, such as droplet
size and height of the sprinkler, or climatological such as relative humidity, wind speed,
and temperature (McLean, 2000; Tarjuelo et al., 2000; Uddin and Murphy, 2020).
Generally, higher temperatures such as those seen during the daytime versus the nighttime
resulted in higher evaporation percentages, with cooler/nighttime temperatures resulting in
evaporation rates below 8% and warmer/daytime temperatures resulting in as much as
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13.6% evaporation (Lorenzini, 2002; Ortíz et al., 2009; Stambouli et al., 2013). Similarly,
increasing sprinkler height (and therefore the distance droplets must travel) also resulted
in higher evaporation rates. Under similar daytime weather conditions, Ortiz et al. (2009)
found that increasing sprinkler height from 1m to 2.5m resulted in increased evaporation
percentages from 8.2 – 9.2% to 12.5 – 13.6% (Ortíz et al., 2009).
Table 2.11. Summary of Selected Literature Reporting Evaporation Due to Droplet
Sprayer Systems.
Reference

Study summary

(Lorenzini,
2002)

Sprayed water from sprinkler for 6 minutes at varying air
temperatures:
• 21°C
• 23°C
• 25°C
• 27°C
Varied between rotating and fixed spray plate sprinklers,
varied height of sprinklers above the ground, varied
daytime to nighttime
• Daytime, 1m sprinkler height
• Daytime, 2.5m sprinkler height
• Nighttime, 1m sprinkler height
• Nighttime, 2.5m sprinkler height
Performed 1-hr tests varying sprinkler type, height, and
variety of climatological factors
Tested different nozzle angles and heights during actual
weather conditions, which varied
8-month study period, average air temp. 14°C, nozzle
height 2.2 m, studied daytime and nighttime losses
• Daytime
• Nighttime
Droplet spraying system in an evaporation pond
consisting of 24 nozzles with flow rate of 8 gpm per
nozzle

(Ortíz et al.,
2009)

(Tarjuelo et
al., 2000)
(McLean,
2000)
(Stambouli
et al., 2013)
(Hoque et
al., 2010)
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Observed
Evaporation
(% of liquid
passing
through
system)
4.15
5.38
6.61
7.73

8.2 – 9.2
12.5 – 13.6
3.3 – 4.7
6.3 – 8.0
0.6 – 42
0 – 12

10.9
3.7
2 - 15

CHAPTER 3
EFFECT OF SITE CLIMATOLOGICAL AND OPERATIONAL
PARAMETERS ON EVAPORATION IN THE POND
3.1 INTRODUCTION
The treatment of municipal solid waste (MSW) landfill leachate is critical because
of the quantity of leachate generated and the potential impact of the leachate on the
environment. The exact contaminants and their quantities present in a leachate and the
quantity of leachate can vary significantly based on the age of the waste, type of waste, and
environmental considerations of the landfill such as amount of precipitation (Ehrig, 1983;
Jambeck et al., 2008; Kjeldsen et al., 2002; Kulikowska and Klimiuk, 2008). Common
contaminants of concern include nitrogen species (especially ammonia-nitrogen),
dissolved organic matter, heavy metals, and xenobiotic organic compounds (Christensen
et al., 2001; Renou et al., 2008).

Due to the variability of leachate and the high

concentrations of contaminants, treatment can be difficult and costly. One potential means
of treating leachate while reducing the cost is to encourage leachate evaporation, thereby
reducing the quantity to be treated. Natural evaporation from leachate collection/storage
ponds is based on site-specific parameters such as wind speed, leachate temperature, and
pond surface area (Harwell, 2012), but evaporation systems are often used to enhance the
evaporation occurring at a site.
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Many studies have been conducted regarding evaporation as a means to treat and
reduce landfill leachate quantity. These studies often involve complex evaporators that
heat leachate and impose pressure constraints, and evaporation is often used in conjunction
with further treatment such as reverse osmosis and filtration to achieve high contaminant
removals and significant (as much as 90%) evaporation rates (Birchler et al., 1994; di Maria
et al., 2018; di Palma et al., 2002; Ettala, 1998). While evaporation rates in such systems
are often very high, the cost associated with construction and operation of the systems can
make treatment expensive, with costs as high as $0.25/gallon (Birchler et al., 1994; Ettala,
1998). As many landfills already use ponds or tanks to store leachate prior to treatment,
evaporation from these impoundments presents a potentially less costly means of
treatment. Leachate evaporation from storage ponds, lagoons, and wetlands has been
widely studied (Benyoucef et al., 2016; Mæhlum, 1995; Martin and Johnson, 1995; Ogata
et al., 2015; Sakita et al., 2016; Townsend et al., 1995), although the constructed pond
systems can sometimes be complex as well. These pond/lagoon/wetland systems have
been reported to see high levels of evaporation, as much as 0.8 in/day of depth-based
evaporation, but are also frequently designed and used to treat leachate. Evaporation of
other liquids (most especially water) from small and large impoundments has been
conducted, with an emphasis on understanding how specific conditions impact evaporation
(Condie and Webster, 1997; Harwell, 2012; Hoque et al., 2010; McJannet et al., 2013;
Rosenberry et al., 2007; Sartori, 2000). Research on evaporation from droplet sprayer
systems has also been conducted, although generally focused on evaporation losses of
irrigation water. These studies have reported evaporation losses ranging between 2% and
40% of water passing through these systems (Lorenzini, 2002; McLean, 2000; Stambouli
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et al., 2013; Tarjuelo et al., 2000; Uddin and Murphy, 2020), suggesting such systems do
have the potential to promote signification leachate evaporation.
The Three Rivers Solid Waste Authority (TRSWA) MSW landfill operates in
Jackson, South Carolina. The landfill produces an average of about 33,500 gallons of
leachate per day, which is stored in a collection pond then trucked to a local wastewater
treatment plant (WWTP) for treatment. The landfill operates a droplet spraying/misting
system in order to enhance leachate evaporation, ultimately reducing the quantity of
leachate in the pond that requires subsequent treatment. The objectives of this study were
to: (1) conduct a pond water balance and determine the amount of evaporation occurring
in the pond, (2) quantify the effect of the droplet sprayer system employed by the landfill
to enhance evaporation, and (3) explore the link between site climatological and
operational parameters and leachate evaporation at this site.
3.2 METHODOLOGY
3.2.1

Description of the Leachate Collection and Storage Pond and Evaporation System
Leachate from the Three Rivers Solid Waste Authority (TRSWA) MSW landfill is

collected via a series of leachate collection pipes located in seven active landfill cells and
is pumped via six sump pumps into an on-site leachate storage pond. Leachate is stored in
this pond until its removal by tanker truck to an off-site wastewater treatment facility. The
leachate pond is trapezoidal, with a bottom base surface area of approximately 225 ft2, a
top base surface area of approximately 40,000 ft2, and a maximum depth of 16.25 ft. When
full, the leachate pond can hold approximately 2.7 million gallons of leachate. The entire
pond is lined with a High-Density Polyethylene (HDPE) geomembrane. This liner is
trenched into the embankment such that runoff from the surrounding ground surface cannot
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enter the storage pond. Possible sources of inflow to the pond include flow from the sumps,
flow from a condensate line (approximately 1,200 gal/day) and precipitation. Possible
outflows from the pond include evaporation and removal to trucks for offsite transport.
A Typhoon Lilypad evaporation system (New Waste Concepts, Inc.) that utilizes a
droplet spraying/misting approach to enhance evaporation is installed in the leachate pond.
This system consists of 8 nozzle heads, or baskets, mounted on poles located on a dock in
the middle of the pond. Leachate is pumped through these baskets and subsequently
sprayed, as a fine mist, into the air over the pond surface, promoting leachate evaporation
and ammonia volatilization. The Lilypad data recording system records pond system data
and climatological data from an on-site weather station every 15 minutes. Data recorded
from this system are summarized in Table 3.1.
Table 3.1. Data Recorded from the Lilypad System.

•
•
•
•
•
•

Basket Information (per
basket unless otherwise
noted)
Basket current
(amperes)
Run time (hours)
Speed (revolutions per
minute)
Peak amps (amperes)
Error codes
Total basket flow
(gallons per minute and
total gallons)

•
•
•

Pond Data
Inflow (gallons per
minute and total
gallons)
Outflow (gallons per
minute and total
gallons)
Pond depth (inches)

•
•
•
•
•
•
•
•
•
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Climate Data
Barometric pressure
(bars)
Relative humidity (%)
Specific capacity (grams
per cubic meter)
Temperature (degrees
Celsius and Fahrenheit)
Rainfall (inches)
Wind direction (degrees,
both current and gust)
Wind gust speed (miles
per hour)
Two-minute average
wind speed (miles per
hour)
Current wind speed
(miles per hour)

3.2.2

Determination of Actual Total Evaporation
Evaporation from the leachate collection pond was studied over an 18-month

period, beginning in January 2019 and ending in June 2020. Over this time period, the
depth of the pond fluctuated, with volumes ranging from approximately 500,000 to
1,800,000 gallons, as illustrated in Figure 3.1. The actual total evaporation occurring in the
leachate collection and storage pond per month was determined by using a water balance
approach, as described in Eq. (3.1).
𝐸𝐸 = 𝐼𝐼 − 𝑂𝑂 − 𝛥𝛥𝛥𝛥

(3.1)

where E is the actual total monthly evaporation (gallons), I is the total monthly inflow of
leachate to the pond from the sumps, condensate line, and precipitation (gallons), O is the
total monthly outflow from the pond that is trucked to a local wastewater treatment plant
(gallons), and ΔV is the total monthly change in pond volume (gallons).

Figure 3.1. Average daily pond volume over time.
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Because of variability observed between different data sources to estimate the
actual total evaporation occurring in the leachate collection and storage pond, this water
balance approach was used to estimate two different site evaporation values. Each estimate
was based on slightly different data obtained from the site and/or climatological databases,
as summarized in Table 3.2. The average of these two estimates was used as the estimated
actual total evaporation at the site.
For the first estimate (Estimate 1, Table 3.2), the inflow to the pond from the sumps
was determined using manual readings from meters located on each of the sumps. The
inflow from the gas condensate line was assumed to remain constant (1,200 gallons/day).
The depth of precipitation was determined from a site rain gauge and converted to a volume
using the top leachate pond surface area. Daily inflows were determined from sump and
rain gauge readings taken once per day and summed over the month to yield a total monthly
inflow. Additionally, site outflows were determined from monthly invoices reporting
gallons of leachate trucked to the local wastewater treatment plant (WWTP). The monthly
change in pond volume was determined from manual depth readings taken once at the
beginning and once at the ending of each month.
A different method to measure monthly precipitation and changes in pond storage
was used in the second estimate (Estimate 2, Table 3.2) of monthly actual total evaporation.
For this second estimate, daily precipitation data were taken and averaged from the
National Oceanic and Atmospheric Administration (NOAA)’s Climate Data Online tool
(https://www.ncdc.noaa.gov/cdo-web/) and the National Air and Space Administration
(NASA)’s POWER Data Access Viewer (https://power.larc.nasa.gov/data-accessviewer/), and summed over the month. The weather station located at Augusta’s Bush Field
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Airport (33.36°, -81.96°) was selected for precipitation from the NOAA tool. The NASA
tool allows the user to select a point on a map, for which data is provided. The landfill site
(33.26°, -81.735°) was selected. The change in pond depth was determined by averaging
the first five daily pond depth readings of the month and last five daily pond depth readings
of the month recorded by the Typhoon Lilypad evaporation system (New Waste Concepts,
Inc.).
Table 3.2. Summary of Estimate Input Sources.
Parameter
Inflow
Precipitation
Outflow
Pond
volume

Estimate 1
Manual readings
Site rain gauge
WWTP invoicing
Manual depth
readings

Estimate 2
Manual readings
Average of NOAA and NASA data
WWTP invoicing
Lilypad system reported depth
readings

As stated previously, the average of these two manual evaporation estimates was
used as the monthly actual total evaporation estimate. Since both estimates have the
potential for some error, averaging the two calculated values was determined to be the most
appropriate method of determining an overall actual total evaporation estimate.
3.2.3

Development of Model to Predict Total Evaporation
To determine the impact the Lilypad system had on evaporation from the leachate

collection and storage pond, it was important to distinguish between evaporation that
occurred as a result of climatological factors alone, assuming no Lilypad system was
installed (referred to as base evaporation, BE), and the enhanced evaporation that resulted
from the operation of the Lilypad system (referred to as enhanced evaporation, EE).
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Together, these components represent the actual total evaporation (TE) from the pond, as
described in Eq. (3.2).
𝑇𝑇𝑇𝑇 = 𝐵𝐵𝐵𝐵 + 𝐸𝐸𝐸𝐸

(3.2)

where TE is actual total evaporation (gallons) observed at the site, BE is the base
evaporation (gallons), and EE is enhanced evaporation (gallons).
3.2.3.1 Prediction of Base Evaporation and Determination of Enhanced Evaporation
Evaporation from the leachate collection and storage pond resulting from only the
climatological factors at the site (no evaporation enhancement due to the Lilypad system)
was modeled using the US Weather Bureau (USWB) evaporation model (Harwell, 2012).
This method uses climatological data (e.g., wind speed, temperature, relative humidity,
solar radiation) to estimate daily, depth-based evaporation (inches/day) from the pond. For
this model, daily average site climatological data were taken from an on-site weather
station, the National Oceanic and Atmospheric Administration (NOAA)’s Climate Data
Online tool (https://www.ncdc.noaa.gov/cdo-web/), and/or the National Air and Space
Administration (NASA)’s POWER Data Access Viewer (https://power.larc.nasa.gov/dataaccess-viewer/). The weather station located at the Aiken Municipal Airport (33.65°, 81.683°) was selected from the NOAA data viewer for relative humidity, wind speed, and
ambient temperature because of its proximity to the site. As described previously, the
landfill site (33.26°, -81.735°) location was selected from the NASA tool. Data used for
the site temperature represent a daily average from all three sources of climate data. The
wind speed and relative humidity used were daily averages from the NOAA and NASA
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databases, while the solar radiation data were daily averages taken from the NASA
database. A comparison of these data is shown in Appendix A.
The daily average pond surface area (SA, ft2) was required to convert evaporation
measurements obtained from the USWB model to an evaporation volume. The SA was
determined using Eq. (3.3), which relates to the geometry of the pond.
𝑆𝑆𝑆𝑆 = �𝑏𝑏 + (2 × 𝐷𝐷 × 𝑧𝑧)�

2

(3.3)

where b is the length of the base of the pond (10 ft), D is the measured depth of the pond
(ft), and z is the side slope of the pond (6.15). The monthly enhanced evaporation resulting
from the Lilypad system can be determined by subtracting the monthly base evaporation
from the monthly total evaporation (see Equation 3.2).
3.2.3.2 Development of Factor Linking Evaporator Operation to Enhanced Evaporation
The Typhoon Lilypad evaporation system (New Waste Concepts, Inc.) operated at
the site pumps leachate from the pond through a basket system. The leachate is
subsequently sprayed in a fine mist over the pond. Four pumps control the total flow of
leachate through the baskets and the speed of each basket controls the droplet size. This
approach relies on the increased air-water interface with the small droplets in the mist to
promote evaporation. The level of evaporation enhancement depends on system height,
nozzle angle and pressure, droplet size, and flowrate (Hoque et al., 2010). Adjustments to
the base evaporation model were made to link the calculated enhanced evaporation with
Lilypad system operation. A parameter was developed to relate the actual total evaporation
at the site with the operation of the Lilypad system using the basket speed (rpm), percent
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of time the baskets are operational (“operational efficiency”), and volume of leachate
through the baskets (gal). Basket speed and leachate volume control the size of the droplets
expected in the mist and amount of leachate passing through the system, respectively, while
the operational efficiency provides a measure of how long each basket was operated. This
parameter describes the daily contribution of each basket (BFi) to enhanced leachate
evaporation and is shown in Eq. (3.4).
∑𝑛𝑛
𝑖𝑖=1 𝐵𝐵𝐵𝐵𝑖𝑖
𝑛𝑛

∑𝑛𝑛 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑖𝑖
𝑖𝑖=1
𝐵𝐵𝐵𝐵𝑖𝑖 = (𝐵𝐵𝐵𝐵) × � 𝑀𝑀𝑀𝑀𝑀𝑀.𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 � × �𝑀𝑀𝑀𝑀𝑀𝑀.𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
�

(3.4)

where the basket operational efficiency (BE) is the fraction of 15-minute intervals per day
that the individual basket is operating. The basket speed (BS, rpm) is represented by
average daily individual basket values calculated over the number of 15-minute intervals
per day, n. The max speed and max volume represent the maximum values achievable per
basket. The basket volume (BskV, gal) was not reported per basket and was therefore
calculated per basket as a percentage of the total volume through the system per day,
proportional to the operational efficiency of each basket. A maximum basket speed of
3,400 revolutions per minute (rpm) and a maximum individual basket flow of 8,586 gal
were used in this equation.
3.2.3.3 Development of Model to Predict Total Evaporation
The daily BF for each basket was summed and used to adjust the daily BE to
ultimately describe the total predicted daily evaporation (including enhancement from the
Lilypad system), as described in Eq. (3.5).
𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐵𝐵𝐵𝐵 ∗ ��𝑘𝑘 ∗ ∑𝑏𝑏𝑖𝑖=1 𝐵𝐵𝐵𝐵𝑖𝑖 � + 1�
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(3.5)

where TEpred is the predicted total daily evaporation (gallons), BE is the daily base
evaporation determined from the USWB model (gallons), b represents the number of
baskets in operation, and k is a fitting factor. Importantly, using the evaporation
relationships previously defined in Eq. (3.1), the enhanced evaporation (EE), defined as
the volume of predicted total evaporation due to operation of the Lilypad system, can be
determined.
The value of the fitting factor in Eq. (3.5) was determined by using a non-linear
least squares regression algorithm in Python (v. 2.7) from functions in the SciPy library.
The sum of the squared errors (SSE), root mean squared error (RMSE), and a normalized
RMSE (NRMSE) were calculated to evaluate the goodness of the fit for the factor. The
SSE was determined using Eq. (3.6), using monthly actual total evaporation (TEobs, see Eq.
(1)) and the monthly predicted total evaporation (TEpred, see Eq. (3.5)).
SSE = ∑𝑛𝑛𝑖𝑖=1(𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 )2

(3.6)

where, TEpred,i represents the predicted total monthly evaporation and TEobs,i represents the
calculated actual total monthly evaporation. RMSE, which is an indication of mean
distance between predictions and observations, was calculated as shown Eq. (3.7).
2
∑𝑛𝑛
𝑖𝑖=1(𝑇𝑇𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 −𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 )

RMSE = �

𝑛𝑛

(3.7)

where, n represents the number of observations. The NRMSE is the RMSE normalized by
the average of the calculated enhanced monthly evaporation values.
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3.3 RESULTS AND DISCUSSION
3.3.1

Base Evaporation
The calculated monthly depth-based base evaporation ranges from approximately

3 in/month to approximately 10.5 in/month, which are similar to reported local pan
evaporation data. NOAA (1982) reported monthly pan evaporation data for Blackville,
South Carolina (approximately 28 miles from the site) that ranged from 2.25 to 7.09
in/month. These literature-reported pan evaporation data represent averages of at least 10
years’ worth of data taken from between 1956-1970 (NOAA, 1982). The daily amount of
depth-based base evaporation ranged from 0 in/day to 0.4 in/day, which is similar to the
range seen in leachate pond evaporation studies. While leachate evaporation from ponds
is highly variable depending on pond size and climatological factors, especially
temperature, reported depth-based evaporation from small-scale storage ponds ranged
between 0 in/day and 0.2 in/day (Benyoucef et al., 2016; Ogata et al., 2015; Sakita et al.,
2016). While the ponds in these studies were in locations with similar to slightly warmer
climates than the site in this study, the ponds were all significantly smaller than that in this
study, varying between pilot-scale experimental setups that were only a few meters in side
length to small ponds that were around 10% of the size of the pond in this study.
As expected, the trend in the calculated monthly depth-based base evaporation
(in/month, Figure 3.2) closely followed the climatological conditions of the site. All
climatological data used in the analysis can be found in Appendix A. As ambient
temperature and solar radiation increased and decreased, so too did the calculated depthbased base evaporation. Ambient temperature and solar radiation are the most seasonally
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dependent climatological conditions. Solar radiation generally followed a similar trend to
ambient temperature, with the notable exception of March 2020, when solar radiation was
much lower than previous months. This dip in solar radiation corresponded to a dip in the
calculated depth-based base evaporation that month, as shown in Figure 3.2. While relative
humidity and wind speed also influenced the calculated base evaporation, the changes in
these parameters over time were not as pronounced as solar radiation and temperature, and
therefore did not cause significant changes in the trend of calculated base evaporation over
time.

Figure 3.2. Predicted base evaporation.
The monthly-calculated volumetric-based base evaporation ranged from 30,000 to
100,000 gallons, with the greatest evaporation occurring from May 2019 to September
2019 (Figure 3.2). This quantity of base evaporation was between 3.2% and 11.3% of the
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average pond volume. This is higher than the evaporation seen by Sakita et al. (2016), who
saw 1.6% monthly evaporation from a leachate storage pond, although the surface area of
their pond was only about 10% of the size of the one used in this study (Sakita et al., 2016).
The trend of the calculated volumetric-based base evaporation differed slightly from the
calculated depth-based base evaporation, as illustrated in Figure 3.2. The volumetric-based
evaporation trend was much flatter until May 2019, and reached the peak in the summer of
2019, slightly behind the depth-based trend. In addition, the volumetric-based base
evaporation in Jan 2020 – April 2020 was greater than that observed during the same
months in 2019. These differences were mostly due to changes in the pond surface area
(Eq. (3.3)) observed over this time period (Figure 3.3). Table 3.3 contains the total base
evaporation determined to occur at this site.
It is important to note that the use of off-site climatological parameters used to
determine the base evaporation may result in errors. When site climatological readings
were used by McJannet et al. (2013), the percent difference between actual and predicted
evaporation was 12% compared to 27% when climatological readings from a station just
over two miles away were used to calculate predicted evaporation (McJannet et al., 2013).
Other errors associated with predicting the base evaporation may also occur. Because this
leachate collection pond is small (surface area is less than 50 acres), air passing over the
pond surface may not have sufficient time to reach an equilibrium with the surface of the
water, resulting in less accurate evaporation predictions (Condie and Webster, 1997;
McJannet et al., 2013; Rosenberry et al., 2007).
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Figure 3.3. Average daily pond surface area determined using equation 3.
Table 3.3. Summary of Calculated Evaporation at the Site Over the Study Period.
Evaporation Type
Actual*
Predicted**
Total Base Evaporation (gallons)***
1,064,950
1,064,950
Total Evaporation (gallons)
3,378,117
2,680,244
Total Enhanced Evaporation (gallons)
2,313,167
1,615,294
*based on an average of methods 1 and 2 (Table 2); **using the model in
equation 5; ***base evaporation does not change based on method used to
determine total evaporation

3.3.2

Base Evaporation Sensitivity Analysis
To better understand the effect of varying individual climatological factors and the

pond surface area on base evaporation estimates, a sensitivity analysis was conducted.
Average yearly wind speed, temperature, relative humidity, solar radiation, and pond
surface area values for 2019 were determined and used to generate the baseline evaporation
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(0% change). Each specific climatological factor (e.g., wind speed, temperature, etc.) and
the pond surface area were subsequently individually and systematically varied by
increasing and decreasing their average value from 20 – 80%, when possible. In the case
of relative humidity, an increase of only 20% was possible because resultant values
exceeded 100% humidity. The corresponding change in estimated evaporation was
determined for each percent change in parameter, as summarized in Figure 3.4.
As expected, increasing wind speed, temperature, pond surface area, and solar
radiation corresponded to increased predicted volumetric-based base evaporation (Figure
3.4). Conversely, relative humidity was inversely proportional to volumetric-based base
evaporation.

Changes in solar radiation had the most significant impact on base

evaporation estimates, followed by pond surface area, temperature, relative humidity, and
wind speed. It is important to note that the pond surface area only influenced volumetricbased base evaporation. All other parameters influenced both depth- and volumetric-based
base evaporation estimates.
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Figure 3.4. Summary of sensitivity of parameters on base evaporation
estimates.
To ascertain the specific influence of each climatological parameter on the
predicted base evaporation at this site, another analysis was conducted during which each
climatological factor was only varied over its range observed at the site. Results from this
analysis are presented in Table 3.4. As shown, the change in the predicted daily base
evaporation varied most significantly over the range of site observed solar radiation and
temperature values. The changes in the base evaporation resulting from the observed
relative humidity and wind speeds at the site did not result in significantly different
evaporation estimates. These results suggest that although the sensitivity analysis (Figure
3.4) results indicate the relative humidity has a similar impact on base evaporation
estimates as temperature, the compressed range of relative humidity actually observed at
the site suggests this factor is less influential.
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Table 3.4. Influence of Site-Observed Climatological Factors on Predicted Daily
Base Evaporation.
Change of Daily
Evaporation (gal/day)
Over Range of
Range Observed On-Site
Parameter
Climatological Factor
Observed On-Site*
Relative Humidity
-772
45 – 100 %
Temperature
1875
0 – 35 oC
Wind Speed
631
70,000 – 670,000 m/day
Solar Radiation
2149
35 – 935 cal/cm2
*The change was calculated as the difference of the base evaporation predicted
for the largest climatological factor minus the base evaporation predicted for
the smallest climatological factor. A negative value indicates a decreasing trend
in evaporation.

3.3.3

Total Evaporation: Actual and Predicted

3.3.3.1 Actual Total Evaporation
The two estimates associated with the actual total evaporation are shown in Table
3.5. As described previously, these estimates are based on slightly different approaches to
calculating the actual total evaporation occurring at the site (Table 3.2). The average total
evaporation associated with these estimates was used as the actual total evaporation, which
is presented in Table 3.3. The percent difference associated with the majority of these
monthly values is less than 30%. However, during four months, the percent difference is
greater than 80%. While some variations in precipitation measurements likely contribute
to the differences in these two estimates, these differences may also be due to changes in
measured pond depth and the precision associated with these measurements. Manual pond
depth measurements used in Estimate 1 are measured in tenths of feet, while those used in
Estimate 2 are reported in tenths of inches. This difference in precision can also cause
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variations in the calculated pond volume. It is also important to note that there is significant
monthly oscillation in these estimates, especially from December 2019 to June 2020. The
exact cause of this oscillating trend is unknown, but it likely results from changes in pond
operation that led to large changes in pond depth (e.g., pond volume) over the course of
each month during that period. In the months with low actual total evaporation (e.g.,
December 2019 and February 2020), the pond depth was significantly larger at the end of
the month than the beginning. In December 2019, for example, the pond was almost 2 ft
deeper at the end of the month than the beginning. Conversely, in the months with large
evaporation (e.g., January and March 2020), the pond volumes increased approximately 2
ft during the month. Corresponding to these observed changes in depth, the volume of
leachate entering and exiting the pond changed during these months. From December 2019
to June 2020, the volume of leachate entering and exiting the pond fluctuated more than
that observed prior to this period. Pond inflows and outflows from December 2019 to
March/April 2020 were higher than seen before this period, and pond inflows and outflows
decreased significantly from April to June 2020.
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Table 3.5. Comparison of Actual Monthly Total Evaporation Estimates.
Month-Year
Estimate 1 (gal) Estimate 2 (gal)
Jan-19
185,995
80,113
Feb-19
71,766
84,441
Mar-19
148,611
141,019
Apr-19
174,436
123,108
May-19
237,642
259,404
Jun-19
233,587
78,536
Jul-19
180,613
314,178
Aug-19
261,624
252,242
Sep-19
23,796
119,957
Oct-19
191,942
163,676
Nov-19
275,621
274,841
Dec-19
95,313
74,209
Jan-20
388,695
290,653
Feb-20
57,292
63,149
Mar-20
555,559
375,014
Apr-20
167,645
199,625
May-20
73,491
118,906
Jun-20
198,003
221,532
*Value used as the actual total evaporation

Average (gal)*
133,054
78,104
144,815
148,772
248,523
156,062
247,396
256,933
71,877
177,809
275,231
84,761
339,674
60,221
465,287
183,635
96,198
209,768

3.3.3.2 Predicted Total Evaporation
An expression to predict total evaporation was developed by fitting the actual
evaporation (Table 3.5), Lilypad operational information, and the calculated base
evaporation using Equation 3.5. The fit factor was determined to be 0.6076, with a standard
error of 0.1779. The resulting NRMSE associated with the fit was 0.6741. The predicted
total evaporation volume ranges from approximately 48,650 gallons/month to 304,900
gallons per month.
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Figure 3.5 illustrates the fit between the monthly actual and predicted total
evaporation volumes. Errors associated with the fitted monthly values range from 5% to
135%, suggesting this model should be used cautiously when predicting specific monthly
volumes of evaporation. Although monthly estimates appear to differ significantly, total
evaporation volumes do not. When comparing the total predicted evaporation to the total
actual evaporation over the 18-month study period, the difference was approximately 23%.
This observation is consistent with what has been reported previously. McJannet at al.
(2013) reported that while daily or monthly predictions may vary more significantly from
actual evaporation, the long-term variations are less pronounced (McJannet et al., 2013).
These results suggest that overall, this model can be used to determine total volumes of
leachate evaporated. The total evaporation predicted at this site, based on the model fit, is
presented in Table 3.3.
The erratic changes in the actual total evaporation observed from December 2019
to June 2020 are not well represented by this model and likely contribute to the poor overall
fit of these data. As described previously, possible explanations for this oscillating behavior
include changes in the pond operation that influenced volume and thus pond depth. The fit
to these data does, however, represent an averaging of these highs and lows, suggesting
that the predictions gained using this approach support that this model provides a
reasonable estimate of total evaporation.
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Figure 3.5. Comparison between the model fitted total evaporation and actual
monthly total evaporation.
3.3.4

Enhanced Evaporation: Calculated and Predicted Values
Evaporation enhancements resulting from the Lilypad system were determined by

subtracting the monthly base evaporation from the monthly total evaporation. This
calculation was performed for both the actual and predicted total evaporation values.
Results from this analysis are presented in Figure 3.6 and Table 3.6. Monthly enhanced
evaporation enhancements range from 0 to 277,000 gallons, depending on the whether the
enhanced evaporation is determined using actual or predicted total evaporation, with
average monthly enhancement values presented in Table 3.5. These two average values
differ by approximately 36%, suggesting that the model developed to predict total
evaporation may be used to provide order of magnitude estimates of total and enhanced
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evaporation. Daily enhanced evaporation ranged from 0 to 10,500 gallons, which is in-line
with the 8,000 gallons/day reported by the system manufacturer as the average expected
level of enhancement (New Waste Concepts, 2012). The total calculated and predicted
enhanced evaporation are shown in Table 3.3.
The trend of enhanced evaporation based on both the actual and predicted total
evaporation values follows the trends associated with their respective total evaporation
(Figure 3.6). Determining the enhanced evaporation from the actual total evaporation
values does not result in a defined trend that shows any dependence on season, time of the
year, or Lilypad operation (shown as BF in Figure 3.6). There is a defined break in the
basket factor in May 2019, during which the Lilypad system was under maintenance and
subsequently upgraded.
The predicted enhanced evaporation determined from the predicted total
evaporation, however, does show seasonal dependence, consistent with that reported by
others. Many studies have concluded that air temperature plays a role in the evaporation
from sprayed droplet systems. Lorenzini (2002) found that as air temperature increased
from 21°C to 27°C, evaporation from a sprinkler system, calculated as difference in volume
of water passing through the system and volume of water measured on the ground surface,
increased from 4% to 8% (Lorenzini, 2002).

When air temperature at the site increased

from 21°C to 27°C in this study, there was approximately a 20% increase in predicted
enhanced evaporation, a greater increase than that reported by Lorenzini (2002). This
greater increase is likely due to differences in the studies. In Lorenzini (2002), only one
sprinkler head was used and the study period was only 6 minutes.
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Overall, these results indicate that the Lilypad system results in the evaporation of
an additional 1.6 (based on predicted total evaporation) to 2.3 (based on actual total
evaporation) million gallons of leachate over the project period (18 months), resulting in
152% to 217% more evaporation than could be achieved without the Lilypad system.
Hoque et al. (2010) reported increases in evaporation of approximately 35% for a similar
evaporation system (Hoque et al. 2010). The system studied by Hoque et al. (2010) used
24 nozzles with a flow rate of 8 gpm per nozzle, resulting in higher daily volume through
the system (276,000 gallons/day) than in this study (69,000 gallons/day). In addition,
changes in evaporation may be due to a number of factors. The amount of enhanced
evaporation depends primarily on the droplet/misting system, including system height,
nozzle angle and pressure, droplet size and flowrate, as well as environmental conditions
(e.g., temperature, humidity, wind speed), distance the droplets travel, and total volume
passed through the evaporation system (Lorenzini, 2002; McLean, 2000; Tarjuelo et al.,
2000). Because of the large number of factors that influence evaporation from such
systems, estimates of evaporation tend to vary widely. These system specific characteristics
differ for each evaporation system and likely explain the differences in enhancement
achieved by this system than that reported in the literature.
Estimates of evaporation from these systems can also be reported as percent of
water loss, which is defined as the difference between the amount of water passing through
the sprinkler system and the amount of water that ends up on the ground (Mclean et al.
2000). Reported estimates of percent water loss from sprayed droplet evaporation systems
mostly range from 10% to 20% (Lorenzini, 2002; McLean, 2000; Ortíz et al., 2009;
Stambouli et al., 2013), with some literature reporting percent water losses ranging as wide
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as 2% to 40% (Tarjuelo et al., 2000; Uddin and Murphy, 2020). This variation likely results
from changes in study wind speed, humidity, air temperature, droplet size, sprayer speed,
and flow through the system. Mclean et al. (2000) measured water losses of approximately
4 – 6% for tests lasting approximately one hour when sprayed droplets traveled less than
80 ft, and approximately 11% to 12% when droplets traveled more than 80 ft (Mclean et
al. 2000). In this study, the enhanced evaporation from the Lilypad system is analogous to
the percent water loss in the aforementioned spray irrigation studies. The volume of
monthly predicted enhanced evaporation observed at this site ranges from 3.2% to 13.6%
of the total monthly flow through the Lilypad system, with a total predicted enhanced
evaporated volume of 9.1% of the total flow through the system over the course of the
study period, which is similar to the observed evaporation rates reported in the literature.
The enhanced evaporation based on the actual total evaporation results in monthly actual
enhanced evaporation volumes ranging from 0% to 38% of the total monthly flow through
the system. Overall, the total volume of actual enhanced evaporation was 13.0% of the
total volume of water passing through the system over the study period.
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Figure 3.6. Calculated enhanced evaporation based on actual and predicted total
evaporation and the average monthly basket factor.

Table 3.6. Summary of Calculated Enhanced Evaporation (EE).
Enhanced Evaporation based on:
Actual Total
Predicted Total
Evaporation
Evaporation
128,509
89,739

Average Monthly EE
(gallons/month)
Average Daily EE
4,145
2,895
(gallons/day)
% of BE*
217
152
Total EE (gallons)
2,313,166
1,615,293
% of Liquid Lost**
13.0%
9.1%
*% BE = (Volume EE/Volume BE)*100
**% Liquid Lost = (Volume EE/Volume of Flow through System)*100
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3.3.5

Influence of Lilypad Operation on Predicted Evaporation
Several hypothetical scenarios were modeled to predict how changes in Lilypad

operation may influence total and enhanced evaporation from the pond. The Lilypad
system currently operates under several site-imposed constraints. First, the maximum
basket speed of 3,400 rpm per basket is implemented from 6:00 am to 7:00 pm eastern
standard time (EST), and from 7:00 am to 8:00 pm during daylight savings time (DST).
Outside of these hours, each basket’s maximum speed automatically reduces to 900 rpm.
Second, if the two-minute wind speed (as measured by the Lilypad sensors) during the
daytime is 45 mph or above, the baskets slow to 2,700 rpm during that 15-minute interval
and if the two-minute wind speed is 65 mph or above, the baskets slow to 2,400 rpm during
that 15-minute interval. The nighttime basket speeds are unaffected by the wind speed.
Third, relative humidity readings over 90% trigger speed reductions, but as discussed, the
Lilypad system’s reported humidity is much lower than observed humidity values from
local weather stations, and is never recorded over 90% by the system.
To understand how changes to these restraints may influence total evaporation,
different combinations of these restraints were modeled, with varying reductions and
shutoff constraints. Specific variables considered in the modeled scenarios were relative
humidity, air temperature, basket speed, and basket flow. Relative humidity values were
averaged from the NOAA and NASA databases and air temperature values were averaged
from NOAA, NASA, and site weather station data. Because relative humidity and air
temperature were determined via external databases that only reported average daily
values, the scenarios were modeled on a daily basis only. Because the model uses daily
values, the 2-minute windspeed was not used as a constraint. Relative humidity and air
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temperature were modeled as system shutoffs. If the relative humidity or air temperature
was above or below a specified threshold, the system would be modeled as off for that day,
meaning no enhanced evaporation was predicted. Basket speed and basket flow were
varied according to the scenario. While basket speed and basket flow are independent of
each other, in the scenarios it was assumed that as basket speed was adjusted flow was also
proportionally adjusted. These system constraints were then used to determine the basket
factor (Equation 3.4), which was subsequently used in Equation 3.5 to predict total
evaporation for this site.
3.3.5.1 Description of Scenarios Modeled
Scenario A represents the base case scenario against which all other scenarios will
be compared. In this scenario, the Lilypad system operates as it is currently intended:
Basket speeds and flows are at 100% of maximum capacity from 6am – 7pm (EST) and
are reduced to 26% of their maximum from 7pm to 6am (EST). In addition, the system
shuts down if daily relative humidity is above 90% to approximate the intended phased
speed/flow reductions of the system. Also, it is important to note that no shutdowns due
to system maintenance are included in these scenarios. A series of hypothetical scenarios
evaluating three operational changes were explored: (1) using temperature and humidity as
system shut down criteria (scenario series B); (2) pump speed/flow variations during the
day and night (scenario series C); and (3) seasonal variation of pump speed/flow (scenario
series D).
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3.3.5.2 Using Temperature and Humidity as System Shutdown Criteria
In scenario series B, different temperature and humidity values were explored as
shutdown criteria, as summarized in Table 3.7. The results from this analysis are presented
in Figures 3.7 and 3.8. As shown, over the ranges investigated, varying the temperaturerelated shutoff has a more significant effect on total evaporation than changing the relative
humidity system shut off criterion. However, it is important to note that these changes in
shut-off criteria do not significantly alter the predicted total evaporation until extreme
values are used as shutdown criteria. When compared to the base case (scenario A), the
percent difference in predicted total evaporation is less than 10% when a humidity shut-off
criterion of 95%, 90%, or 85% (scenarios B.1, B.2, and B.3, respectively) is instituted and
when a shut-off criterion of 35°F and 45°F (scenarios B.5 and B.6 respectively) is
instituted. These results suggest that implementing system shut down criteria with
relatively high humidity and with relatively low temperatures has the potential to save some
energy costs of running the Lilypad system while not resulting in significant changes in
evaporation.

The most significant decrease in predicted evaporation occurs with a

temperature shut-off criterion of 75° F (scenario B.9), with a 38% difference in total
evaporation and a 58% difference in enhanced evaporation when compared to the base
case. Therefore, implementing such a high temperature shut-off criterion is not
recommended, unless the landfill is not looking to maximize evaporation.
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Table 3.7. Description of Scenarios Modeled in Scenario Series B.
System Shut Down
Criteria
If daily relative humidity,
averaged from NOAA
data and NASA data, is
above threshold, system
shuts down, otherwise
operates at standard
scenario conditions
If daily temperature,
averaged from NOAA
data and NASA data, is
below threshold, system
shuts down, otherwise
operates at standard
scenario conditions

Scenario
B.1
B.2
B.3
B.4
B.5
B.6
B.7
B.8
B.9

Shut Down Threshold
95%
90%
85%

80%
35°F
45°F
55°F
65°F
75°F

3.5e+6

Total Evaporation (gallons)

3.0e+6
2.5e+6
2.0e+6
1.5e+6
1.0e+6
5.0e+5
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Figure 3.7. Total evaporation predicted over the study period at
various humidity shutoff values (B.1 – B.4).
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Figure 3.8. Total evaporation predicted over the study period at various
temperature shutoff values (B.5 – B.9).

3.3.5.3 Varying Pump Flow and Basket Speed
Another set of scenarios (scenario series C) was modeled to explore the effect of
variations in flow through the system (pump flow) and basket speed on evaporation. For
each scenario, as described in Table 3.8, daytime or nighttime speed/flow was varied. The
first set of scenarios (C.1 – C.6) investigated the influence of changing speed/flow during
the night while maintaining the daytime speed/flow at 100% of maximum capacity, while
the second set of these scenarios (C.7 – C.12) investigated the influence of changing the
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flow/speed during the day while maintaining the flow/speed at night at approximately 26%
of the maximum capacity. The results from these analyses are presented in Figure 3.9.
Obviously, the scenario (scenario C.1) with the maximum flowrates during the day
and night resulted in the highest total evaporation values. As shown in Figure 3.9, varying
the system capacity at night while keeping 100% capacity during the day results in
significant changes in predicted evaporation, ranging from 5.7 million gallons of predicted
total evaporation when the system operates at 100% capacity at night to 2.4 million gallons
when the system is completely shut down at night. Increasing the existing nighttime basket
speed/flow would increase overall evaporation volumes. Operating the system at 100%
capacity at night (scenario C.1) results in an 84% increase in total evaporation when
compared to the base case. Alternately, increasing nighttime operation to just 50% capacity
at night (scenario C.3) results in a 23% increase in total evaporation over the base case.
Increasing the nighttime operating capacity from the base case, however, would result in
increased operational costs; a cost-benefit analysis should be performed to ascertain
whether the reduction in leachate requiring off-site treatment is worth the added operational
costs. If the landfill wished to save on operational costs, reducing the nighttime capacity
from the current 26% to 12.5% results in a reduction of only 12.1% in total evaporation.
When varying the basket flowrates and speeds during the day (keeping the rates
constant at 26% of maximum capacity at night), the predicted total evaporation ranges from
3.1 million gallons when operating 100% during the day (C.7) to 1.1 million gallons when
completely shutdown during the day (C.12). Reducing daytime operations to 75% (C.8),
however, results in a 25% reduction in total evaporation over the base scenario (A). As
shown in Figure 3.9, operating below 75% capacity during the day significantly reduces
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the predicted enhanced evaporation. When no daytime operation occurs (C.12), a
negligible amount of enhanced evaporation is predicted over the study period (just 68,620
gallons). Therefore, it is recommended that the landfill maintain a 100% capacity during
the day as much as feasible given the drastic changes in enhanced evaporation observed in
this scenario.
Table 3.8. Description of Scenario C.

Scenario
C.1
C.2
C.3
C.4
C.5
C.6
C.7
C.8
C.9
C.10
C.11
C.12

6:00am to 7:00pm EST All
Year
Basket Speed/Flow

100%

100%
75%
50%
25%
12.5%
0%

7:00pm to 6:00am EST All Year
Basket Speed/Flow
100%
75%
50%
25%
12.5%
0%

26%
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Figure 3.9. Total evaporation and % difference to base case for scenarios
varying daytime and nighttime speed/flow.

3.3.5.4 Seasonal Variations of Pump Flow and Basket Speed
The influence of seasonal changes in Lilypad operation were also investigated, as
described in Table 3.9. Changes in basket speeds and flows through the system were varied
during two periods: May to October and November to April. These specific time periods
were selected based on observed seasonal variations in evaporation predictions and
climatological parameters. The results from these scenarios are shown in Figure 3.10.
Reducing the daytime capacity below 100% resulted in significant reductions in
evaporation (up to 32% over the base case), with a more significant reduction seen when
capacity was reduced in the May – October timeframe than during the November – April
time frame. When daytime capacity in May – October was operated at 25% of the
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maximum capacity (D.16), the total evaporation was reduced 32% from the base scenario
(A). When daytime capacity was at 25% of the maximum capacity from November – April
(D.8), total evaporation was reduced 24% from the base scenario (A). Reducing daytime
capacity below 100% in May – October is not recommended because of the significant
impact on evaporation.

However, since the reduction in total evaporation was less

significant from November – April, if the landfill wished to reduce operating costs with a
less significant impact on evaporation, reducing below 100% capacity during the day
should be done from November – April. While reducing daytime capacity to 25% of
maximum saw a 24% reduction in evaporation during this time period, reducing daytime
capacity to 75% of maximum only saw a 10% drop in evaporation over the base case from
November – April, which would be recommended over a more drastic reduction in daytime
capacity.
As expected, increasing the nighttime capacity above the current operating capacity
of 26% of the maximum, while maintaining 100% daytime operation, increased the
predicted evaporation regardless of the time of year. As with daytime modifications, this
trend was also more pronounced from May – October than from November – April.
Operating at 100% nighttime capacity from May – October (D.9) resulted in an increase in
total evaporation of 49% over the base scenario (A), while increasing to 100% nighttime
capacity from November – April (D.1) only resulted in an increase in total evaporation of
35% over the base scenario (A). Therefore, if the landfill wished to make a more significant
positive impact on evaporation while only increasing use of the Lilypad system for half of
the year, the optimal time period would be from May – October.
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Figure 3.10. Total evaporation and % difference to base case for scenarios varying
daytime and nighttime speed/flow seasonally.
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Table 3.9. Description of Scenario D.
May to October
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Scenario
D.1
D.2
D.3
D.4
D.5
D.6
D.7
D.8
D.9
D.10
D.11
D.12
D.13
D.14
D.15
D.16

6:00am to 7:00pm EST

100%

100%
100%
75%
50%
25%

November to April
6:00am to 7:00pm
7:00pm to 6:00am EST
EST
7:00pm to 6:00am EST
Basket Speed/Flow
100%
75%
100%
50%
25%
26%
100%
75%
26%
50%
25%
100%
75%
50%
25%
100%
26%
26%

3.4 CONCLUSIONS
Evaporation from the Lilypad system at this site was estimated using two
approaches, including the use of a water balance approach based on site collected data and
a model developed to predict evaporation based on site and Lilypad operation. Results from
both of these approaches suggest the Lilypad system significantly enhances leachate
evaporation, resulting between 2.5 to 3.2 times more evaporation than what would occur
naturally. This significant level of evaporation estimated to occur from the pond represents
a significant quantity of leachate that was not required to be treated, likely reducing overall
leachate treatment costs.
Using the model developed to predict leachate evaporation at this site when using
the Lilypad system, several hypothetical operational scenarios were simulated to evaluate
how or if changing system operation would influence total evaporation. Results indicated
that if the landfill wished to further increase the amount of leachate evaporated from the
pond, increasing the nighttime pump and basket capacity of the Lilypad system above the
current 26% of the maximum capacity would accomplish this.

It is estimated that

increasing to the Lilypad system to 50% of maximum basket speed and system flow at
night all year would increase the amount of total evaporation by 23%. Doing so only during
the warm months (from May – October) would increase total evaporation by 13%, which
would still increase evaporation while reduce the cost of system operation over an all-year
increase. If the landfill elects to make changes to increase the evaporation from the system,
it is recommended that these changes be made from May – October at a minimum, as
greater changes in evaporation are seen during the warmer months. Conversely, if the
landfill was interested in reduction of use of the Lilypad system as a cost-saving option,
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operational reductions would be recommended in the November – April time frame, as
impact to total evaporation is less.
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CHAPTER 4
FATE OF NITROGEN IN THE LEACHATE POND
4.1 INTRODUCTION
Treatment of leachate from municipal solid waste (MSW) landfills is often
complex, difficult, and costly due to the variable composition of the leachate and large
volumes often generated. Landfill leachate quality and quantity is dependent on several
factors including age of waste, composition of waste, and climate of the landfill location
(especially amount of rainfall) (Gounaris et al., 1993; Kjeldsen et al., 2002; Moody and
Townsend, 2017). Many studies indicate that ammonia-nitrogen is one of the most
concerning contaminants in leachate (Barlaz et al., 2002; Berge et al., 2005; Price et al.,
2003). Barlaz et al. (2002) reported this is because the presence of any ammonia-nitrogen
could suggest that the landfill is not stable and therefore not ready to be released from the
post-closure monitoring period (Barlaz et al., 2002). Ammonia-nitrogen concentrations in
leachate have been reported to range from 50 – 2,200 mg/L-N (Barlaz et al., 2002; Cameron
and Koch, 1980; Kjeldsen et al., 2002).
Landfill leachate is often sent to local wastewater treatment plants (WWTPs) for
treatment. However, because of the high concentrations of specific compounds, such as
ammonia-nitrogen, WWTPs often establish incoming quality limits, that may require some
pre-treatment to occur on-site, and/or costly surcharges based on contaminant mass.
Because of this, treatment of leachate at WWTPs has become undependable (Renou et al.,

92

2008; Zhao et al., 2013), with some WWTPs even refusing to accept leachate containing
high concentrations of ammonia-nitrogen because of concern for toxicity to their biological
treatment processes and their potential inability to meet their low discharge limits (BBJ
Group, 2019). Because of these issues, significant work associated with investigating
removal of ammonia-nitrogen has been explored (Keenan et al., 1984; Renou et al., 2008;
Silva et al., 2004; Wiszniowski et al., 2006). Ammonia-nitrogen can be removed from
leachate through a variety of treatment methods often found at WWTPs, such as
volatilization and nitrification.

Volatilization or stripping of ammonia-nitrogen is

commonly accomplished via stripping towers or in ponds or aerated lagoons. Stripping
towers have been shown to be quite effective for ammonia-nitrogen removal, with removal
percentages between 44% and 99%, but are costly to build and operate, especially because
they generally include some form of pH adjustment (Cheung et al., 1997; dos Santos et al.,
2020; Marttinen et al., 2002). Constructing aerated lagoons or wetlands has also been
proven effective, with ammonia-nitrogen removal percentages reported between 38% and
99% (Keenan et al., 1984; Mehmood et al., 2009; Yalcuk and Ugurlu, 2009). However,
the complexity of these systems can often make upfront costs high.
The Three Rivers Solid Waste Authority (TRSWA) operates a MSW landfill
outside Jackson, South Carolina. Leachate from this facility is stored in an onsite collection
pond before eventual discharge to an offsite WWTP. The landfill produces an average of
about 33,500 gallons of leachate per day, which is periodically trucked from the collection
pond to a local WWTP. The ammonia-nitrogen concentrations found in this pond range
from 170 – 663 mg/L-N. In an attempt to reduce leachate treatment costs, the landfill
operates a droplet spraying/misting system (aka Lilypad system) to enhance both leachate
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evaporation and ammonia volatilization. The overall goal associated with this study was
to understand the fate of nitrogen in the leachate pond and the impact of the Lilypad system
on nitrogen removal. The specific study objectives were to evaluate the fate of nitrogen in
the pond by quantifying the extent of volatilization, nitrification, and denitrification that
occurred in the pond and evaluate and quantify the impact of the Lilypad system on
ammonia volatilization. To accomplish this, a simple model was developed and fit to
leachate data collected in the pond.
4.2 METHODOLOGY
4.2.1

Leachate Pond Description and Operation
Leachate from the Three Rivers Solid Waste Authority (TRSWA) Class 3 landfill

is collected via a series of leachate collection pipes located in the active landfill cells and
is pumped via six sump pumps into an on-site leachate storage pond. Leachate is stored in
this pond until its removal by tanker truck to an off-site wastewater treatment facility. The
leachate pond is trapezoidal, with a bottom base surface area of approximately 225 ft2, a
top base surface area of approximately 40,000 ft2, and a maximum depth of 16.25 ft. When
full, the leachate pond can hold approximately 2.7 million gallons of leachate. The entire
pond is lined with a High-Density Polyethylene (HDPE) geomembrane. This liner is
trenched into the embankment such that runoff from the surrounding ground surface cannot
enter the storage pond. Possible sources of inflow to the pond include flow from the sumps,
flow from a condensate line (approximately 1,200 gal/day) and precipitation. Possible
outflows from the pond include evaporation and removal to trucks for offsite transport.
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The pond is equipped with a single surface aerator (Aqua-Jet surface mechanical
aerator) that continuously aerates the pond and a Typhoon Lilypad evaporation system
(New Waste Concepts, Inc.) that utilizes a droplet spraying/misting approach to enhance
leachate evaporation and ammonia volatilization. The Lilypad system consists of 8 nozzle
heads, or baskets, mounted on poles located on a dock in the middle of the pond. Leachate
is pumped through these baskets and subsequently sprayed, as a fine mist, into the air above
the pond surface, promoting both leachate evaporation and ammonia volatilization. The
baskets rotate to control droplet size. Generally, during the day (6am to 7pm EST) the
Lilypad system operates at its maximum capacity and during the evenings, the Lilypad
basket speeds reduce to approximately 26% of their maximum capacity. Site wind speed
and relative humidity also impact basket speed. If the two-minute wind speed (as measured
by the Lilypad sensors) during the daytime is 45 – 65 mph, the baskets slow to 79% of
maximum speed during that 15-minute interval and if the two-minute wind speed is 65
mph or greater, the baskets slow to 71% of maximum speed during that 15-minute interval.
The nighttime basket speeds remain at 26% regardless of the wind speed. Relative
humidity values over 90% also trigger speed reductions, but the humidity data recorded
from the Lilypad system are much lower than observed humidity values from local weather
stations, never recording values greater than 90% during the study period. The Lilypad
system also has a manual factor that can be used to slow both basket speed and reduce flow
through the system by a set percentage. The Lilypad system also has data recording
capabilities. This system records pond hydraulic measurements (e.g., inflow, outflow, pond
depth) every 15 minutes. Climatological measurements from an on-site weather station
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(e.g., ambient temperature, relative humidity, precipitation, wind speed) are also recorded
every 15 minutes.
4.2.2

Sampling and Analysis
A series of pond hydraulic and site climatological measurements and leachate

samples were taken to understand the fate of nitrogen in the leachate collection/storage
pond. These data were subsequently used to develop a model describing the fate of nitrogen
and organics in the pond.
4.2.2.1.

Pond hydraulic measurements and analysis
Specific pond-related hydraulic parameters measured include the pond depth and

flow of leachate in and out of the pond. These measurements were taken manually and
from data recorded by the Lilypad system, as summarized in Table 4.1. Pond depths
(inches) were measured using an ultrasonic level sensor installed in the pond. Data from
this sensor were recorded every 15 minutes. The last six 15-minute recorded pond depths
of the day were averaged and used with pond geometric information to calculate the daily
pond surface area and volume.
Leachate flows into and out of the pond were taken by onsite personnel. Inflow data
were taken daily by manually reading the pump meters. For days in which readings were
not taken (e.g., weekends or holidays), the flow from the day with the next meter reading
was divided evenly over the number of days from the previous reading. Daily average
outflows from the pond were determined by taking monthly totals of outflow and dividing
them evenly over the days of each month.
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Table 4.1. Summary of System and Climatological Data Sources.
Parameter
Air temperature
Pond depth
Wind speed
Sump inflow
Outflow to
trucks

4.2.2.2.

Lilypad
System
X
X

NOAA
Tool
X

NASA
Viewer
X

X

X

Manual
Readings

X
X

Climatological measurements and analysis
Climatological data required to understand the biological and physical processes

occurring in the pond include air temperature and wind speed. These data were collected
from multiple sources, including from an on-site weather station and from on-line database
tools, including the National Oceanic and Atmospheric Administration (NOAA)’s Climate
Data Online tool (https://www.ncdc.noaa.gov/cdo-web/) and the National Air and Space
Administration (NASA)’s POWER Data Access Viewer (https://power.larc.nasa.gov/dataaccess-viewer/). The weather station located at Augusta’s Bush Field Airport (33.36°, 81.96°) was selected for precipitation from the NOAA tool. The NASA tool allows the
user to select a point on a map, for which data is provided. The landfill site (33.26°, 81.735°) was selected. Table 4.1 summarizes the source of each climatological parameter.
All data from these sources were averaged. A daily average of each parameter was used.
4.2.2.3.

Leachate sampling and analysis

Leachate samples were periodically taken from the leachate pond, leachate sumps,
pond effluent, and in the mist collected from the Lilypad system. Each quarter, the landfill
takes single grab samples from the leachate collection pond. These samples are analyzed
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for the parameters listed in Table 4.2 by Pace Analytical Services. Additional leachate
sampling events occurred throughout the study period. During these events, grab samples
were taken from two different locations in the pond, from each of the sumps, and from the
pond effluent. All samples were analyzed for the parameters listed in Table 4.2 by CSRA
Analytical Laboratory. Table 4.3 provides a summary of the timeline for all sampling
events conducted during the study period.
Table 4.2. Summary of Leachate Testing Methods.
Parameter
Testing Method
pH
SM4500-H+ B1
5-day Biochemical Oxygen Demand (BOD5) SM5210B
Total Suspended Solids (TSS)
SM2540D
Chemical Oxygen Demand (COD)
410.4 rev.2/SM5220D2
Dissolved Oxygen (DO)
SM4500-O-G1
Total Dissolved Solids (TDS)
SM2540C
Alkalinity
SM2320B
Total Organic Carbon (TOC)
SM5310B
Chloride
E300.01
Ammonia-nitrogen
E350.1
Total Kjeldahl Nitrogen (TKN)-nitrogen
E351.2
Nitrate plus nitrite-nitrogen
E353.2
Arsenic
200.8/200.2/200.73
Barium
200.8/200.2/200.73
Cadmium
200.8/200.2/200.73
Chromium
200.8/200.2/200.73
Lead
200.8/200.2/200.73
1
Testing method not reported by Pace Analytical Services
2
Test method 410.4 rev.2 used by CSRA Analytical Laboratory, SM5220D
used by Pace Analytical Services
3
Test method 200.8/200.2 used by CSRA Analytical Laboratory, 200.7 used
by Pace Analytical Services
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Table 4.3. Summary of Leachate Sampling Dates.

•
•
•
•
•
•

Quarterly Pond
Sampling
2019 Q1: 3/28/19
2019 Q2: 6/11/19
2019 Q3: 9/16/19
2019 Q4: 12/9/19,
12/19/19
2020 Q1: 1/23/20,
3/12/20
2020 Q2: 6/29/20

4.2.2.4.

Periodic Pond, Effluent, and Sump Sampling
•
•
•
•
•
•

Mist
Sampling
2018 Event 1: 11/27/18, 12/4/18, 12/11/18, • 4/16/19
12/18/18
• 9/19/19
2019 Event 1: 4/2/19, 4/18/19, 4/23/19, • 11/7/19
4/29/19
• 6/15/20
2019 Event 2: 8/20/19, 8/27/19, 9/10/19, • 6/16/20
9/24/19
2020 Event 1: 1/21/20, 2/4/20, 2/17/20
2020 Event 2: 4/6/20, 4/20/20, 5/11/20
2020 Event 3: 7/6/20, 7/20/20, 8/10/20

Mist sampling

Mist sprayed by the Lilypad system was periodically sampled to determine the
amount of ammonia being volatilized during Lilypad system operation. On each date listed
in Table 4.3, at least two and up to seven grab samples were taken from the pond throughout
the day. Following each pond sample, mist from the Lilypad system was collected.
Samples of both the leachate and the mist were sent to Pace Analytical Services for analysis
of ammonia-nitrogen. This sampling was conducted 5 times during the study period (see
Table 4.3).
4.3 MODEL DEVELOPMENT
4.3.1

General model description
The main objective associated with this modeling effort was to quantitatively

determine the fate of nitrogen species in the leachate pond. A model was developed to
account for the following nitrogen-related transformation processes: ammonia
volatilization, nitrification, and denitrification. The species accounted for in the model
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include: ammonia-nitrogen, nitrate and nitrite-nitrogen, Total Kjeldhal Nitrogen (TKN),
alkalinity and organic carbon. All reactions were assumed to occur within the liquid-phase.
No organic nitrogen hydrolysis and/or mineralization was accounted for. Organic carbon
degradation was also modeled. Metal concentrations (arsenic, barium, cadmium,
chromium, and lead) were modeled assuming no physical or chemical processes influence
their fate. This model assumes the pond is completely mixed, which, based on the limited
leachate sampling data available, is valid. In addition, the model assumes there is no
particulate matter that serves as either a source or sink for any of the constituents modeled
in this study. The low TSS concentrations in the leachate pond support this assumption.
4.3.2

Nitrogen transformations and associated relationships
The nitrogen transformations included in this module include volatilization,

nitrification, and denitrification. Mass balances on the nitrogen species, including
ammonia, total nitrate and nitrite, and TKN, as well as other parameters influenced by the
change in nitrogen (e.g., alkalinity, and organic carbon) are shown in Eqs. (4.1) – (4.5).
𝑑𝑑[𝑁𝑁𝑁𝑁3 ]
𝑑𝑑[𝑁𝑁𝑁𝑁3 +𝑁𝑁𝑁𝑁2 ]
𝑑𝑑𝑑𝑑

𝑄𝑄𝑖𝑖

=

𝑉𝑉

𝑑𝑑[𝑇𝑇𝑇𝑇𝑇𝑇]
𝑑𝑑𝑑𝑑

𝑑𝑑[𝐴𝐴𝐴𝐴𝐴𝐴]
𝑑𝑑𝑑𝑑

𝑉𝑉

[𝑁𝑁𝑁𝑁3 ]𝑖𝑖 −

𝑄𝑄𝑒𝑒
𝑉𝑉

[𝑁𝑁𝑁𝑁3 ] − 𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣

[𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝑁𝑁2 ]𝑖𝑖 −
𝑄𝑄𝑖𝑖

𝑄𝑄𝑒𝑒

𝑉𝑉

[𝑇𝑇𝑇𝑇𝑇𝑇]𝑖𝑖 −

𝑄𝑄𝑖𝑖

𝑄𝑄𝑒𝑒

=

=

𝑑𝑑[𝐶𝐶𝐶𝐶𝐶𝐶]
𝑑𝑑𝑑𝑑

𝑄𝑄𝑖𝑖

=

𝑑𝑑𝑑𝑑

=

𝑉𝑉

[𝐴𝐴𝐴𝐴𝐴𝐴]𝑖𝑖 −

𝑄𝑄𝑖𝑖
𝑉𝑉

𝑉𝑉

[𝐶𝐶𝐶𝐶𝐶𝐶]𝑖𝑖 −

𝑉𝑉

𝑄𝑄𝑒𝑒
𝑉𝑉

[𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝑁𝑁2 ] + 𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

[𝑇𝑇𝑇𝑇𝑇𝑇] − 𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣

[𝐴𝐴𝐴𝐴𝐴𝐴] − 7.4𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 + 3.57𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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𝑉𝑉

[𝐶𝐶𝐶𝐶𝐶𝐶] − 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑋𝑋 − 𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜
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(4.1)
(4.2)
(4.3)
(4.4)
(4.5)

where [NH3] is the concentration of ammonia in the pond (mg/L-N), Qi is the flowrate
entering the pond from the sumps (L/day), V is the pond volume (L), [NH3]i is the
concentration of ammonia entering the pond from the leachate sumps (mg/L-N), Qe is the
flowrate of leachate exiting the pond (L/day), rnit is the rate of nitrification occurring
(mg/L-day), rvol is the rate of ammonia volatilization (mg/L-day), [NO3 + NO2] is the
concentration of nitrite and nitrate in the pond (mg/L-N), [NO3 + NO2]i is the concentration
of nitrate and nitrite entering the pond from the leachate sumps (mg/L-N), rdenit is the rate
of denitrification occurring (mg/L-day), [TKN] is the concentration of TKN in the pond
(mg/L-N), [TKN]i is the concentration of TKN entering the pond from the leachate sumps
(mg/L-N), [Alk] is the concentration of alkalinity in the pond (mg/L), [Alk]i is the
concentration of alkalinity entering the pond from the leachate sumps (mg/L), [COD] is
the concentration of COD in the pond (mg/L), [COD]i is the concentration of COD entering
the pond from the leachate sumps (mg/L), X is a fitting parameter that describes the ratio
of biodegradable COD removed per mass of NO3 + NO2 removed (unitless), and rorg is the
rate of organics degradation occurring (mg/L-day).
4.3.2.1.

Ammonia volatilization
The rate of ammonia volatilization (rvol, mg/L-day) is defined in Eq. (4.6) as a first-

order reaction.
𝑆𝑆𝑆𝑆

𝑟𝑟 𝑉𝑉𝑉𝑉𝑉𝑉 = [𝑁𝑁𝑁𝑁3 ]𝑙𝑙 𝐾𝐾𝑂𝑂𝑂𝑂 � 𝑉𝑉 �

(4.6)

where [NH3]l is the liquid-phase free ammonia concentration (mg/L-N), KOL is the
ammonia mass transfer coefficient (m/day), SA is the pond surface area (m2), and V is the
pond volume (L).
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The liquid-phase free ammonia concentration ([NH3]l, mg/L-N) is determined
using Eq. (4.7) (Metcalf & Eddy, 2013).
[𝑁𝑁𝑁𝑁3 ]𝑙𝑙 =

[𝑁𝑁𝑁𝑁3 ]×10𝑝𝑝𝑝𝑝
1
+10𝑝𝑝𝑝𝑝
𝐾𝐾𝑎𝑎

(4.7)

where, [NH3] is the concentration of ammonia in the pond (mg/L-N), pH is the pH of the
pond and Ka, is the ionization constant for ammonium (unitless), that depends on
temperature. The temperature dependence of Ka is shown in Eq. (4.8).
𝐾𝐾𝑎𝑎 =

1

(4.8)

𝑒𝑒 6334/𝑇𝑇

where T is the temperature of the pond (K).
The ammonia mass transfer coefficient (KOL, m/s) describes the transfer of
ammonia from the leachate pond to the air. This coefficient was adopted from Arogo et. al
(1999) and is described in Eq.(4.9) (Arogo et al., 1999).
𝐾𝐾𝑂𝑂𝑂𝑂 = 𝐶𝐶

𝐷𝐷𝐴𝐴−𝑎𝑎𝑎𝑎𝑎𝑎 0.58 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 0.31 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎 0.12 𝑇𝑇𝐿𝐿 0.77
𝐿𝐿0.88 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 0.31 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 0.77

(4.9)

where C is fitting constant (unitless), DA-air is the diffusivity of ammonia in air (m2/s), µair
is the air viscosity (kg/m-s), Uair is the average wind speed (m/s), TL is the pond temperature
(°C), L is the length of the water surface of the pond (m), ρair is the air density (kg/m3), and
Tair is the air temperature (°C). The fitting constant, C, was determined by fitting the model
to the pond data.
The temperature of the pond was not measured. Instead, it was calculated using an
approach developed by Mohseni et al. (1998). Mohseni et al. (1998) developed a non-linear
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expression to estimate weekly stream temperatures from air temperatures by analyzing
graphs comparing air temperature to stream temperature in the Spokane River,
Washington. This correlation is shown in Eq. (4.10). Typical values of the variables in Eq.
(4.9) were then determined for use in any part of the country by fitting Eq. (4.10) to
temperature data from 584 stream gauging stations across the country and air temperature
data from 197 weather stations (the closest weather station to each stream temperature
station was used) (Mohseni et al., 1998).
𝛼𝛼−𝜇𝜇

(4.10)

𝑇𝑇𝐿𝐿 = 𝜇𝜇 + 1+𝑒𝑒 𝛾𝛾(𝛽𝛽−𝑇𝑇𝑎𝑎)

where µ is a constant representing the estimated minimum liquid temperature (0.8°C), α is
a constant representing the estimated maximum liquid temperature (26.2°C), β is a constant
representing the air temperature at the inflection point (13.3°C), γ is a constant representing
the steepest slope of the function (0.18), and Ta is the temperature of the air (°C).
The daily average pond surface area (SA, m2) was determined using Eq. (4.11),
which relates to the geometry of the pond.
𝑆𝑆𝑆𝑆 = �𝑏𝑏 + (2 × 𝐷𝐷 × 𝑧𝑧)�

2

(4.11)

where b is the length of the base of the pond (3.05 m), D is the measured depth of the pond
(m), and z is the side slope of the pond (6.15).
The mass of ammonia-nitrogen removed from the pond per day as a result of the
Lilypad system was determined using Eq. (4.12).
𝑚𝑚𝑁𝑁𝑁𝑁3 = 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑣𝑣
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(4.12)

where mNH3 is the mass of ammonia-nitrogen removed from the pond per day (g/day),
Vsystem is the volume of leachate passing through the Lilypad system per day (L/day), and v
is the ammonia-nitrogen volatilization fraction determined by taking mist samples from the
Lilypad system, as determined from the EREF mist study (Table 4.3).
4.3.2.2.

Nitrification
Because the availability of specific mechanistic information associated with

microbial dynamics in the pond were unavailable, the rate of nitrification (rnit, mg/L-day)
was modeled as a single step, assuming first-order kinetics, as described in Eq. (4.13).
𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 = [𝑁𝑁𝑁𝑁3 ]𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛 𝜃𝜃𝑛𝑛𝑛𝑛𝑛𝑛 𝑇𝑇𝑝𝑝 −𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛

(4.13)

where [NH3] is the concentration of ammonia-nitrogen in the pond (mg/L-N), knit is the
first-order kinetic coefficient (day-1), θnit is a temperature coefficient (unitless), TP is the
temperature of the pond (°C), and Tnit is the reference temperature for nitrification
(°C).With the exception of the ammonia concentration and the pond temperature, the
remaining parameters were all determined by fitting the model to the pond data.
4.3.2.3.

Denitrification
The rate of denitrification (rdenit, mg/L-day) was modeled as a single-step process

and assuming the process was first-order, as shown in Eq. (4.14).
𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = [𝑁𝑁𝑁𝑁2 + 𝑁𝑁𝑁𝑁3 ]𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜃𝜃𝑑𝑑𝑑𝑑𝑛𝑛𝑖𝑖𝑖𝑖 𝑇𝑇𝑝𝑝 −𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(4.14)

where, [NO2+NO3] is the combined concentration of nitrate and nitrite in the pond (mg/LN), kdenit is the first-order kinetic coefficient (day-1), θdenit is a temperature coefficient
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(unitless), TP is the temperature of the pond (°C), and Tdenit is the reference temperature for
denitrification (°C). With the exception of the combined nitrate/nitrite concentration and
the pond temperature, the remaining parameters were determined by fitting the model to
the pond data.
4.3.2.4.

TKN and alkalinity
Changes in the leachate TKN and alkalinity are expected when changes in the

nitrogen species occur. TKN concentrations were determined by accounting for the mass
of ammonia nitrogen removed via either nitrification or volatilization, as shown in Eq.
(4.3). Changes in alkalinity were modeled by assuming 7.4 g of alkalinity are removed for
every g of nitrogen nitrified and that 3.57 g of alkalinity are produced for every g of
nitrogen denitrified, as shown in Eq. (4.4).
4.3.3

Organics removal
Organics removal as a result of denitrification and organics biodegradation were

modeled, as described in Eq. (4.5). Limited BOD data exist, therefore the fate of organics
in the leachate collection pond was modeled using the pond COD concentrations. It is
assumed that the carbon source for denitrification is the biodegradable soluble COD
(bsCOD). This fraction is unknown for this pond; therefore, this value was determined via
fitting. The concentration of bsCOD present in the leachate was assumed to be 0.13 of the
total COD concentrations. This value was based on the average BOD/COD ratio for a
limited set of data. The rate of COD decline (mg/L-day) was determined based on Eq.
(4.15).
𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜 = [𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ]𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜 𝑇𝑇𝑝𝑝 −𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
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(4.15)

where, [bsCODavail] is the concentration of biodegradable soluble COD in the leachate
available for organics degradation after the removal of it due to denitrification (mg/L), korg
is the first-order kinetic coefficient (day-1), θorg is a temperature coefficient (unitless), TP is
the temperature of the pond (°C), and Torg is the reference temperature for organics removal
(°C). With the exception of the COD concentration and the pond temperature, the
remaining parameters were all determined by fitting the model to the pond data.
4.3.4

Metals
Metal concentrations (arsenic, barium, cadmium, chromium, and lead) were

modeled assuming no physical or chemical processes influence their fate, following the
general format of Eq. (4.16).
𝑑𝑑[𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀]
𝑑𝑑𝑑𝑑

=

𝑄𝑄𝑖𝑖
𝑉𝑉

[𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀]𝑖𝑖 −

𝑄𝑄𝑒𝑒
𝑉𝑉

[𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀]

(4.16)

where [Metal] is the concentration of the metal in the pond (mg/L), Qi is the flowrate
entering the pond from the sumps (L/day), V is the pond volume (L), [Metal]i is the
concentration of the metal entering the pond from the leachate sumps (mg/L), and Qe is the
flowrate of leachate exiting the pond (L/day).
4.3.5

Model fitting and parameter determination
All model equations were solved simultaneously using Euler’s Method, with a

time-step of 1 day. All model fits were compared to the actual pond measurements and the
sum of square errors (SSE) for all processes was determined. To determine the parameter
values associated with the best fit of the data, the SSE was minimized using the solver
function in Microsoft Excel. The parameters fit using this process are listed in Table 4.4,
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along with the constraints associated with each parameter. First, model fits were performed
that minimized the combined SSE for ammonia-nitrogen and nitrate and nitrite-nitrogen.
Subsequently, COD and TKN-N were successively added and the SSE was minimized.
This process was repeated by varying initial variable values to ensure the global minimum
SSE was determined. This was repeated for each of the three model fits (Table 4.5). Fitting
was also done by minimizing the combined SSE for ammonia-nitrogen, nitrate and nitritenitrogen, COD, TKN, and alkalinity. However, including the SSE for alkalinity resulted
in a poorer fit than when the SSE for alkalinity was not included. For this reason, the SSE
for alkalinity was not included in determining the final model parameters.

After

determining the initial value for each model parameter, a common value across all fits was
chosen for the temperature-related coefficients (θ and T). Due to changes in the system
operation, three separate model fits were performed over the study period. Reasons for and
the dates of each separate model fit are described in Table 4.5. The start date of each model
fit coincides with the beginning of a full leachate sampling event.
Table 4.4. Summary of Allowable Range for Solved
Variables.
Variable
C
knit
kdenit
korg
θnit
θdenit
θorg
Tnit
Tdenit
Torg
X

Lower Bound
1

Upper Bound
None

0

None

1

1.5

30

45

0.5

6
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Table 4.5. Description of All Model Fits.
Model Fit
Number
Start Date End Date
1
11/27/18 4/29/19
2

8/20/19

10/31/19

3

01/21/20

8/31/20

Description of the model fit time period
This study commenced in 11/18. This fit ended
in 04/19 because the Lilypad system was
updated in May 2019.
A set of leachate samples was taken in 08/19.
This fit ended in 10/19 because significant
change in leachate composition occurred due
to new landfill cell opened in November 2019.
Leachate sampling did not occur during in
11/19 to document changes that may have
occurred.
A set of leachate samples were taken in 01/20
and 08/20 represents the end of the study
period

4.4 RESULTS AND DISCUSSION
4.4.1

Leachate composition over the study period
Samples were taken in the pond, all sumps, and the pond effluent, as described

previously. Over the course of this study, the concentrations of all measured parameters
differ in each sump. This trend is not surprising, as each sump collects leachate from
different cells at different locations within the landfill. The age and composition of the
waste and whether the cell is open or closed have a significant effect on the concentration
of various parameters in the leachate. In addition, flow entering the pond from each sump
varied over the study period, as illustrated in Figure 4.1. This section describes the trends
of each of these constituents in the sumps, leachate pond, and pond effluent over the study
period.
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4.4.1.1.

Nitrogen species in the sumps
The mass of ammonia-nitrogen, TKN, and nitrate and nitrite-nitrogen in the pond

and entering the pond per sump on each sampling date are shown in Figures 4.2-4.4. The
observed mass of each parameter in the pond and in the flow entering the pond did not
follow any seasonal trend. The masses of ammonia-nitrogen and TKN entering the pond
from Sump 2 were consistently higher than that from other sumps, except during the
sampling events that occurred between January and April 2020, when an elevated mass
from Sump 4 entered the pond. Incoming daily mass of ammonia-nitrogen and TKN from
Sump 2 ranged from 13,690 g to 51,050 g and from 283 g to 70,078 g, respectively. Sump
3 on average contributed less mass of ammonia-nitrogen and TKN to the pond than other
sumps, with daily mass of ammonia-nitrogen and TKN entering the pond ranging from
5,086 g to 11,350 g and from 83 g to 15,503 g, respectively. The relative differences in
mass entering the pond from each sump were due both to differences in flow from each
sump (Figure 4.1) and concentrations of parameters observed in each sump. Overall, the
total mass of ammonia-nitrogen entering the pond from all sumps per day on the leachate
sampling dates ranged from 44,361 g to 168,310 g, with an average mass per day of 91,591
g. Total mass of TKN entering the pond from all sumps per day ranged from 734 g to
165,801 g, with an average mass per day of 93,645 g.
The mass of nitrate and nitrite entering the pond from the sumps was almost always
zero (Figure 4.4), with the exception of one sample point. The concentrations in the sumps
were almost never observed at reportable concentrations, suggesting that either no
nitrification was occurring in the sumps or that the effect of any nitrification was offset by
complete denitrification.
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Figure 4.1. Incoming daily flow of leachate per sump on periodic sump
sampling dates.

Figure 4.2. Observed mass of ammonia-nitrogen entering the pond per sump
and in the pond over time.
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Figure 4.3. Observed mass of TKN entering the pond per sump and in the pond
over time.

Figure 4.4. Observed mass of nitrate and nitrite-nitrogen entering the pond per
sump and in the pond over time.
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4.4.1.2.

Nitrogen species in the pond and pond effluent
The observed concentrations of nitrogen species in the leachate collection pond and

the pond effluent during the sampling events are shown in Figures 4.5 – 4.7. Measurements
taken from two different locations in the pond were similar, always less than 20% different
from one another for ammonia-nitrogen, TKN, and nitrate and nitrite-nitrogen. In addition,
the concentration of these constituents leaving the pond were also similar to those found in
the pond (always less than 25% different for all nitrogen species), suggesting that the pond
is well-mixed.
The concentrations of ammonia-nitrogen, nitrate and nitrite-nitrogen, and TKN
suggest volatilization, nitrification, and denitrification (at times) occurred in the pond.
Evidence of nitrification and volatilization is rooted in the changes in ammonia-nitrogen
concentrations; ammonia-nitrogen is consistently entering the pond from the sumps, but a
corresponding increase in concentration in the pond was not observed. The trend of TKN
concentrations is mostly consistent with the ammonia-nitrogen trend, supporting this
removal of ammonia-nitrogen. The presence of nitrite and nitrite-nitrogen in the pond,
coupled with increases in these concentrations while virtually no nitrite and nitrite-nitrogen
is entering the pond through the sumps suggests that nitrification is occurring in the pond.
When the observed concentrations of nitrate and nitrite-nitrogen in the pond drops to nearzero (from June 2019 to May 2020), it is possible either that no nitrification is occurring in
the pond, or that the effect of nitrification is offset by denitrification during this time. The
mass of nitrogen removed as ammonia-nitrogen is less than the mass present in the pond
as nitrate and nitrite-nitrogen, suggesting that denitrification was also occurring at times.
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Figure 4.5. Observed concentration of ammonia-nitrogen in pond and
effluent samples.

Figure 4.6. Observed concentration of TKN in pond and effluent samples.
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Figure 4.7. Observed concentration of nitrate and nitrite-nitrogen in pond
and effluent samples.

4.4.1.3.

Alkalinity in the sumps, pond, and pond effluent
Figure 4.8 shows the mass of alkalinity entering the pond per sump, as well as the

mass of alkalinity found in the pond over the study period. As described for the nitrogen
species, no seasonal trends were observed. The mass entering the pond from Sump 2 was
generally higher than from other sumps, and mass entering from Sump 3 was overall lower
than that from other sumps. Sump 4 also provided an increased mass from January – April
2020 when the volume of leachate entering the pond from that sump was elevated.
The concentration of alkalinity found in the pond and effluent samples are shown
in Figure 4.9. These concentrations appear to be consistent with the trend of ammonianitrogen and consistent with expected trends when nitrification and/or denitrification
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occur. Consistent with the nitrogen species, the concentrations of the two pond samples
were similar (with one exception, always less than 20% different) and the pond and effluent
samples were also similar (with two exceptions, always less than 8% different), suggesting
the pond is well mixed.

Figure 4.8. Observed mass of alkalinity in entering the pond per sump and in the
pond over time.
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Figure 4.9. Observed concentration of alkalinity in pond and effluent samples.
4.4.1.4.

Organics in the sumps, pond, and pond effluent
Figures 4.10 and 4.11 show the mass of COD and BOD5 entering the pond from

the sumps and the mass in the leachate collection pond. The observations related to relative
sump contributions that were described for the nitrogen species largely hold true for COD
and BOD5. The total daily mass of COD and BOD5 entering the pond ranged from 154,818
g – 800,935 g and from 8,713 g – 283,608 g, respectively, with average total daily mass
entering the pond of 472,429 g and 76,653 g, respectively. Concentrations of COD and
BOD5 in the sumps did not follow any discernable trends over the study period.
Concentrations of COD and BOD5 in the pond and the pond effluent are shown in
Figures 4.12 and 4.13. Observed concentrations of COD in the pond were below 3,000
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mg/L for the majority of the study period, with the notable exception of August and
September 2019, when concentrations ranged from 4,000 mg/L to 6,250 mg/L. These
elevated concentrations of COD are likely the result of unusually high concentrations in
sumps 2 and 5 during this time period. BOD5 concentrations in the pond were much more
variable from the beginning of the study period until December 2019, after which pond and
effluent concentrations were always below 250 mg/L. The two pond samples taken at each
periodic pond, effluent, and sump sampling event date (Table 4.3) were similar to each
other for COD, with percent differences always less than 30%, and on average less than
10%. BOD5 concentrations in the two pond samples differed more significantly, on
average 17% different but with 3 values in which the percent differences are above 40%.
The COD effluent concentrations were also always very similar to the average pond
concentration (always less than 12% different). A more significant difference was observed
when comparing the pond and effluent BOD5 concentrations (average 18% different, with
3 values in which the percent differences are above 40%).
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Figure 4.10. Observed mass of COD entering the pond from the sumps and
in the pond over time.

Figure 4.11. Observed mass of BOD5 entering the pond from the sumps and in
the pond over time.
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Figure 4.12. Observed concentration of COD in pond and effluent samples.

Figure 4.13. Observed concentration of BOD5 in pond and effluent
samples.
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4.4.1.5.

Metals
The mass of metals (arsenic, barium, cadmium, chromium, and lead) entering the

pond from the sumps showed little trend or pattern (see Appendix C) over time. The
observed concentrations of metals in the pond over the study period are shown in Figure
4.14. As shown, there was little pattern in the observed concentration of metals in the
pond, although after December 2019 the variability and average concentration decreased.
The two pond samples taken at each periodic pond, effluent, and sump sampling event date
(Table 4.3) were somewhat similar to each other for all metals, with percent differences on
average less than 18%. The effluent concentration of metals were somewhat similar to the
average pond samples, with average percent differences ranging from 21% (barium) to
55% (cadmium). It is important to note, however, the metal concentrations were quite low.
Thus, small changes in the metal concentrations result in large percent errors.

Figure 4.14. Observed concentrations of metals in pond samples.

120

4.4.2

Nitrogen fate: Model results
Based on the sampling data (section 4.4.1), it is hypothesized that volatilization,

nitrification, and denitrification are occurring in the leachate collection pond. As described
previously, the presence of nitrate and nitrate in the leachate pond, while absent in the
leachate entering the pond through the sumps, supports the hypothesis that nitrification is
occurring. It is difficult to discern the presence of volatilization and denitrification by
using the leachate data alone. Observations of an ammonia odor while at the site suggest
volatilization is occurring. To confirm and quantify the fate of nitrogen in the leachate
pond, all leachate data were fit to the model describing the volatilization, nitrification, and
denitrification processes. Results from these fits are shown in Figures 4.15-4.19. As
shown, the fit of the model to the leachate data appears reasonable, suggesting
volatilization, nitrification, and denitrification, at times, are occurring. The results suggest
that significant denitrification is not occurring during the majority of the study period.
Denitrification may be inhibited by the presence of dissolved oxygen in the pond (average
concentration of 2.3 mg/L over the course of the study period) or possibly the metals that
are present (e.g., arsenic, cadmium, etc.). It is also possible that the nitrification process is
inhibited, to some degree, by the low dissolved oxygen levels and the presence of metals.
For comparative purposes, model simulations assuming no nitrogen transformations were
occurring (e.g., only mixing) in the case of ammonia-nitrogen, TKN, and alkalinity were
conducted and are included in the figures. In the case of nitrite and nitrate-nitrogen, a
simulation assuming no denitrification was occurring (e.g., only mixing) was also
conducted. All kinetic coefficients determined for each fit (Table 4.5) are presented in
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Table 4.6. This section describes results associated with the fitting for the three different
time periods.

Figure 4.15. Fit of ammonia-nitrogen concentrations with and
without volatilization and nitrification.
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Figure 4.16. Fit of nitrate and nitrite-nitrogen concentrations with
and without denitrification.

Figure 4.17. Fit of TKN concentrations with and without
(e.g., mixing) reactions.
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Figure 4.18. Fit of alkalinity concentrations with and without
(e.g., mixing) reactions.

Figure 4.19. Fit of COD concentrations with and without organics
degradation occurring.
124

Table 4.6. Summary of Kinetic Coefficients Determined for Each
Modeling Period.

Variable
C
knit
kdenit
korg
θnit
θdenit
θorg
Tnit
Tdenit
Torg
X

4.4.2.1.

1
1.000
1.824
4.801
0.186

0.500

Model Fit for Time Period #
2
1.000
0.000
0.000
0.034
1.5
1.5
1.0
30
30
30
0.500

3
1.097
0.216
0.332
0.184

6.000

Model Fit 1: November 2018 – April 2019
Figures 4.15 – 4.19 illustrate the actual concentrations and corresponding model

fit (referred to as Fit 1, see Table 4.5) of nitrogen species, alkalinity, and COD in the pond
during this time period, and Table 4.6 provides a summary of the kinetic coefficients
associated with this fit. It appears the model fits the data well during this period, with
percent errors between the actual and fitted concentrations for all parameters always below
30%, with the exception of one instance. When comparing the kinetic coefficients between
all fits, it appears that more nitrification occurred during the first fit period than in the other
fit periods. The volatilization constant, C, was similar in all fits, suggesting similar rates of
volatilization.

While the fit of the TKN varied depending on whether nitrogen

transformation reactions occurred, the fit of alkalinity was very similar regardless of
nitrogen transformations, as shown in Figure 4.18.
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This was primarily due to the

magnitude of the concentration of alkalinity in comparison to the magnitude of nitrogen
species in the pond.
The cumulative mass of nitrification, volatilization, and denitrification associated
with Fit 1 is shown in Figure 4.20. Nitrogen transformation via volatilization accounted for
approximately 39% of the total nitrogen transformed, with almost 1.6 million grams of
ammonia-nitrogen volatilized. The majority of the nitrogen in this fit was transformed via
nitrification, accounting for 44% of the total nitrogen transformed, with approximately
17% transformed via denitrification.

However, as shown in Figure 4.20, until

approximately April 15, 2019, volatilization was the primary nitrogen transformation
pathway. It appears that as the temperature of the pond increased, so too did the amount of
nitrification and denitrification occurring, as evidenced by the changes in slope in the
cumulative lines shown in Figure 4.20.

Figure 4.20. Cumulative nitrogen transformed via volatilization,
nitrification, and denitrification for the model time period associated
with Fit 1.
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4.4.2.2.

Model Fit 2: August 2019 – October 2019
The actual concentrations and model fit of nitrogen species, alkalinity, and COD

are shown in Figures 4.15 – 4.19. Percent errors between actual and fitted values were
always below 30% during this time period. However, it is important to note that the time
period associated with Fit 2 was short with few data points, making accurate modelling
more difficult. As shown in the figures, although percent errors were low, concentrations
based on the model fit of some species, such as ammonia-nitrogen, did not follow trends
observed in actual data well. As shown in Table 4.6, the kinetic coefficients for nitrification
and denitrification were zero, suggesting that no nitrification or denitrification occurred
during this time period, which is consistent with the zero or near-zero nitrate and nitritenitrogen concentrations observed in the pond during this model fit period (Figure 4.16).
The cumulative mass of volatilization, nitrification, and denitrification during this
time period is shown in Figure 4.21. Approximately 4.27 million grams of nitrogen were
modeled to be removed via volatilization. As previously discussed, no nitrification or
denitrification were modeled during this period. Many of the metals present in the leachate
were observed at their highest quantities during this fit period, possibly inhibiting these
biological processes.
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Figure 4.21. Cumulative nitrogen transformed via volatilization, nitrification,
and denitrification for the model time period associated with Fit 2.

4.4.2.3.

Model Fit 3: January 2020 – August 2020
The results for the fit associated with the time period ranging from January 21, 2020

– August 31, 2020 (Table 4.5), referred to as Fit 3, are shown in Figures 4.15 – 4.19. The
kinetic constants determined from this fitting are presented in Table 4.6. The model fit the
data fairly well, with the exception of data from mid-February – March 2019 and July –
August 2020. During these time frames, the model was not able to capture the changing
ammonia-nitrogen, TKN, nitrate and nitrite-nitrogen, alkalinity, and COD concentrations.
During mid-February 2019 – March 2019 the model indicated little volatilization
or nitrification were occurring, and the fitted values of ammonia-nitrogen concentration in
the pond were higher than the actually observed values. From the beginning of this fit
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period until March 2019, significant changes in mass entering and exiting the pond were
observed (Figure 4.22). While dramatic changes in mass entering and exiting the pond
were observed, more ammonia-nitrogen was still entering the pond than exiting but the
concentration observed in the pond decreased. It appears that the model was not able to
capture the increased levels of nitrification and/or volatilization that likely occurred in the
pond to decrease the ammonia-nitrogen concentration during this period. As a result, the
percent error between actual and fitted ammonia-nitrogen concentrations during this period
were between 50% and 55%.
From June 2020 – August 2020, the model found that volatilization and nitrification
were occurring, but at levels lower than observed. During this specific time period, the
difference between ammonia-nitrogen masses entering and exiting the pond steadily
increased (Figure 4.22), while the concentration observed in the pond decreased. It appears
the model was not able to account for the increased levels of nitrification and/or
volatilization occurring during this period. As a result of the poor fit in February/March
and June – August, the percent error between the actual and fitted ammonia-nitrogen
concentrations were variable, ranging from below 20% for approximately half of the time,
while the other half of the time, the percent error was high as 107%.
Significant levels of nitrite and nitrate were observed in the pond during this time
period. Variability of the actually observed concentrations resulted in percent errors for
this parameter below 40% about half the time, and between 90% and 163% the other half
of the time. Percent errors of other modeled parameters were also somewhat higher than
in previous fits, with around a third of the percent errors between the actual and fitted
concentrations of TKN and alkalinity above 20%, with errors for these parameters as high
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as 70%. Percent errors associated with COD were generally below 40% for this fit, with
one outlier that was as high as 139%.

Figure 4.22. Monthly mass of ammonia-nitrogen entering and exiting
the pond.

The amount of nitrogen that was transformed via volatilization, nitrification, and
denitrification during Fit 3 is shown in Figure 4.23. The majority of nitrogen removal was
a result of volatilization (60%), with 30% of the nitrogen transformed due to nitrification
and 10% due to denitrification.

Volatilization was the predominant nitrogen

transformation pathway throughout this period. In the summer months, an increase in all
three removal pathways was observed, perhaps due to rising air and pond temperatures.
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Figure 4.23. Cumulative nitrogen transformed via volatilization,
nitrification, and denitrification for the model time period associated
with Fit 3.

4.4.2.4.

Comparison of nitrogen transformation processes
A summary of the cumulative masses of modeled nitrogen volatilized, nitrified, and

denitrified for each time period is presented in Table 4.7. Results from all fits
indicatesignificant volatilization occurred in the pond, with at least 1,500,000 g of nitrogen
volatilized in each model period. In Fits 1 and 3, significant nitrification was determined,
each with over 1,775,000 g of nitrogen nitrified; but no nitrification was determined to
occur during Fit 2. The dissolved oxygen levels in the pond were only 2.3 mg/L. Increasing
these levels have the potential to increase nitrification rates and extent. Over the course of
the study period, greater than 15,300,000 g of ammonia-nitrogen were determined to be
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transformed via volatilization and nitrification. Smaller masses of nitrogen were removed
via denitrification.
Table 4.7. Cumulative Nitrogen Transformed for Each Model
Fit.
Model Fit
1
2
3

4.4.2.5.

N Volatilized (g)
1,578,338
4,268,266
5,148,600

N Nitrified (g)
1,775,709
2,532,696

N Denitrified (g)
697,581
866,770

Sensitivity analysis
Although the kinetic coefficients were determined from the best fit (e.g., minimized

SSEs, see Table 4.6) for each model period, there is some uncertainty in the actual
parameter values. To evaluate how this uncertainty may influence the total masses of
nitrogen transformed/removed, a sensitivity analysis was performed. First, ranges of
kinetic values (C, knit, and kdenit) that result in a 10% change in the SSE were determined.
Next, combinations of all parameters for each model period were simulated (8 unique
combinations for each model fit) and the total mass of nitrogen volatilized, nitrified, and
denitrified was determined. The ranges associated with these results are shown in Table
4.8 and indicate potential variability associated with these processes. Results still indicate
the potential for significant amounts of ammonia volatilization, as well as nitrification and
denitrification.
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Table 4.8. Ranges of Total Nitrogen Transformed for Each Distinct Model
Period.
Model Period
1: November 2018 –
April 2019
2: August 2019 –
October 2019
3: January 2020 –
August 2020

4.4.3

N Volatilized
(g)
1,383,771 –
3,913,441
3,787,180 –
5,214,640
3,717,395 –
12,518,895

N Nitrified (g)

N Denitrified
(g)

352,170 – 3,292,616

0 – 9,743,157

0 – 1,028,998

0

0 – 5,821,509

0 – 4,719,726

Influence of the Lilypad system
To evaluate the influence of the Lilypad system on volatilization, the amount of

ammonia-nitrogen volatilized by the system was determined using the observed
volatilization percentages determined from the EREF mist study, which are shown in Table
4.9. All observed volatilization percentages occurring during each model fit period
(measured by EREF) were averaged to obtain the overall volatilization percentage for each
fit.
Table 4.9. Measured Volatilization from the Lilypad System
Determined from the EREF Mist Study.
Date
11/16/2018
4/16/2019
9/19/2019
11/07/2019
6/15/2020
6/16/2020
9/23/2020
9/24/2020

Volatilization (%)
6.0
1.8
22.4
18.0
18.8
13.5
5.73
4.59

Results from this analysis suggest that the total amount of nitrogen being volatilized
in the pond due to the Lilypad system ranged from 13 – 41% (Table 10). The contribution
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of the Lilypad system depends on several factors, including the percentage of volatilization
occurring, the volume of leachate being passed through the system, and the ammonia
concentrations in the pond. The lowest contribution of the Lilypad system occurred during
Fit 1. During Fit 1, the measured average percentage volatilization was much lower than
that observed during other time periods. In addition, the volume of leachate passed through
the system during this time period was the lowest, as shown in Table 4.11, with the average
daily volume passed through the system being significantly lower than that achieved during
the other model periods. This was most likely due to the fact that at the end of the Fit 1
model period, the Lilypad system underwent significant upgrades, which increased the
efficiency of the system and the total amount of leachate passing through the system. Fits
2 and 3 averaged much higher average daily volumes passing through the system, which
ultimately resulted in the Lilypad system playing a more significant role in volatilization
during those periods.
Table 4.10. Summary of the Influence of the Lilypad system on
Nitrogen Removal.
Model
Fit
1
2
3

Mass of Nitrogen
Volatilized as a Result of
the Lilypad System (g)
209,945
1,664,246
2,125,174

% of Nitrogen
Volatilized as a Result
of the Lilypad System
13.3
30.0
41.3

Table 4.11. Average and Total Volume of Leachate Passed through the
Lilypad System.
Model Fit
1
2
3

Average Daily Volume (L)
70,148
193,060
152,006
134

Total Volume (L)
10,802,806
14,093,349
34,049,419

Two factors likely inhibited further amounts of enhanced volatilization by the
Lilypad system. First, the average pH of the leachate pond over the study period was 8.3.
A higher pH in the pond would have resulted in increased volatilization. At a pH of 8.3,
only approximately 15% of ammonia-nitrogen is present as volatilizable ammonianitrogen, while the remaining 85% is present as ammonium-nitrogen. Increasing the pH
to at or above 9.25 has the potential to increase the presence of ammonia and increase
volatilization (Metcalf & Eddy, 2013). The second factor influencing the amount of
enhanced volatilization is the amount of leachate that passes through the Lilypad system
on a daily basis. This volume is small compared to the volume of the pond. On average,
only 2.1%, 5.2%, and 4.3% of the daily pond volume was passed through the Lilypad
system daily during model fits 1, 2, and 3, respectively. Thus, to increase the amount of
volatilization, it is recommended that the volume of leachate passing through the Lilypad
system be increased and pH adjustment be considered. It is also important to note that the
Lilypad system aerates the leachate, which may have also influenced the nitrification and
denitrification processes. The specific contribution, however, could not be quantified.
4.4.4

Metal fate
The masses of metals entering the pond from each sump and the masses present in

the pond are shown in Appendix C. Over the course of this study period, there was little
variation in the concentration or mass of metals in the pond, with no discernable trends.
Figures 4.24 – 4.28 show the actual and fitted concentrations of metals over the study
period. Recall, the fits associated with metals only include mixing, thus assuming that no
reactions occur in the pond.
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Arsenic was of particular concern to the landfill, with actual pond concentrations
as high as 0.214 mg/L. The fit of the model for metals varied, with Fits 1 and 3 indicating
better fits than Fit 2. Fitted metal concentrations ranged from 20% to 45% different than
the actual metal concentrations for Fits 1 and 3, while Fit 2 fitted values ranged from 34%
to 61% different than the actual concentrations. It is important to note that the high percent
errors are likely skewed by the fact that concentrations are very low, with small changes
causing large percent errors. In addition, there was significant scatter in the metals data,
which may also contribute to the larger percent errors. Thus, it is difficult to determine if
the changes in the metals concentrations were only due to mixing or if they were influenced
by reactions not accounted for in the model. If reactions were occurring, however, they are
likely small. Overall, these results suggest that the metal concentrations found in the
leachate pond are due to the waste composition and how the pond is operated. If metal
removal is desired, some other processes would be needed to accomplish this.

Figure 4.24. Actual and fitted arsenic concentrations in the pond.
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Figure 4.25. Actual and fitted barium concentrations in the pond.

Figure 4.26. Actual and fitted cadmium concentrations in the pond.
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Figure 4.27. Actual and fitted chromium concentrations in the pond.

Figure 4.28. Actual and fitted lead concentrations in the pond.
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4.5 CONCLUSIONS
Results from this work indicate that volatilization, nitrification, and denitrification
were occurring in the pond. Volatilization of ammonia-nitrogen accounted for the majority
of nitrogen removed from the pond, representing approximately 65% of the total nitrogen
transformed. Nitrification and denitrification also occurred and, at times, accounted for a
significant fraction of the nitrogen transformed. It appears, with the exception of Fit 2, that
nitrogen transformed via nitrification and denitrification processes was more significant
during warmer months. The Lilypad system enhances the volatilization process. This
enhancement appears to be quite dependent on the volume of liquid passing through the
system. Enhancing ammonia-nitrogen removals from the pond could be accomplished by
passing more liquid through the Lilypad system, increasing the operational time of the
system, or adding additional baskets.

Another option to increase ammonia-nitrogen

removal would be to increase the pH of the leachate in the pond, although further study is
recommended before implementing a pH adjustment at the site.
The model also fitted concentrations of metals in the pond reasonably well. Because
of the amount of scatter in the metals data, it is possible that some physical or chemical
processes may be occurring, but the overall impact of these processes on metal
concentrations is small. These results suggest that changes in metal concentrations in the
pond are due to pond operation and waste composition. If removal of metals is desired,
additional processes would need to be considered.
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CHAPTER 5
EFFECT OF PH ADJUSTMENT ON AMMONIA VOLATILIZATION
5.1 INTRODUCTION
While presence and concentration of contaminants in municipal solid waste (MSW)
landfill leachate varies significantly, ammonia-nitrogen is often considered to be one of the
most concerning contaminants (Barlaz et al., 2002; Berge et al., 2005; Price et al., 2003).
Ammonia-nitrogen concentrations in leachate have been reported between 50 – 2,200
mg/L-N, and it has been hypothesized that the elimination of ammonia-nitrogen in landfill
leachate will be the indicator that a landfill is ready to exit the post-closure monitoring
period (Barlaz et al., 2002). Because of these concerns and the high quantities of ammonianitrogen present in leachate, many treatment methods focusing on ammonia-nitrogen
removal exist.
One potential pathway for ammonia-nitrogen removal is through volatilization. In
leachate treatment, volatilization is often accomplished through air stripping, which
generally includes some form of pH adjustment. Air stripping can be accomplished
through many means such as use of stripping towers, aerated pond systems or lagoons, or
through use of droplet sprayer systems. Use of air stripping towers is common, and studies
varying pH, temperature, and airflow have been conducted. These studies have observed
ammonia-nitrogen removals as high as 99% at very high pH (12) and air flowrates (30
L/min) (dos Santos et al., 2020), although pH adjustment to 11 and air flowrates between
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0 – 5 L/min are more common. Even these lower values have been shown to produce
ammonia-nitrogen removal rates between 80 – 90% (Cheung et al., 1997; Liao et al., 1995;
Marttinen et al., 2002) at typical laboratory temperatures.

As expected, observed

volatilization rates drop as temperature is lowered (Marttinen et al., 2002). While observed
removals when using stripping towers are high, these towers can represent a high upfront
and operational cost.
The Three Rivers Solid Waste Authority (TRSWA) MSW landfill in Jackson,
South Carolina produces landfill leachate with ammonia-nitrogen concentrations ranging
from 170 – 663 mg/L-N. The 33,500 gallons of leachate produced per day are stored in a
collection pond that operates a droplet spraying/misting system to enhance leachate
evaporation and ammonia volatilization. Due to the sometimes high concentrations of
ammonia-nitrogen present in the pond the landfill is interested in enhancing the removal
of ammonia-nitrogen through volatilization. The pH level of the pond is approximately 8.3.
Laboratory-scale experiments were conducted to begin investigating whether pH
adjustment of leachate from the Three Rivers Solid Waste Authority (TRSWA) is feasible
and/or of value to conduct at larger scales. The specific objectives of this work were to:
(1) understand how temperature influences ammonia volatilization following pH
adjustment to approximately 9.0, (2) determine, following pH adjustment, whether
temperature influences solids generation and their composition, and (3) evaluate whether
changes in temperature following pH adjustment influence leachate chemistry.

141

5.2 METHODOLOGY
5.2.1

Leachate collection
Approximately 120 L of leachate was collected from the TRSWA leachate

collection pond on the morning of December 10, 2018. Following collection, the leachate
was transported to the University of South Carolina (USC) research labs and stored in a
refrigerator for approximately 12 hours prior to use. Before used in the laboratory-scale
experiments, the leachate was removed from the refrigerator and brought to room
temperature. A sample of this leachate was sent to Pace Analytical Labs for analysis and
is referred to in this report as the “Initial Sample.”
5.2.2

Laboratory methods used to evaluate the influence of temperature on ammonia
volatilization
Laboratory-scale experiments were conducted to understand how adjusting

leachate pH to approximately 9.0 influences ammonia volatilization. These experiments
were also conducted at three different temperatures to understand how changes in ambient
temperature may influence ammonia volatilization following pH adjustment. The three
temperatures investigated in this study represent ambient temperatures the landfill may
experience throughout a year and include: 5oC, 20oC, and 35oC (41 – 95oF).
At each temperature, six 4-L glass bottles were filled with 3 L of leachate collected
from TRSWA. In three of these bottles, 6 mL of 10N sodium hydroxide were added to
adjust the leachate pH to slightly above 9.0. This volume of sodium hydroxide was chosen
based on initial experiments that were conducted to determine how base addition
influenced leachate pH. Leachate in the three additional bottles at each temperature was
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not adjusted to allow the evaluation of how changes in temperature alone may influence
ammonia volatilization and leachate chemistry. To keep the total volume of leachate in all
bottles at each temperature constant, 6 mL of DI water were added to the unadjusted bottles.
(b)

(c)

(a)

Figure 5.1. Pictures of the containers containing leachate at different
temperatures: (a) 5oC, (b) 20oC, and (c) 35oC.

All of these bottles were subsequently placed on magnetic stir plates and vigorously
mixed while incubated under the desired temperature. The bottles being tested at 5°C were
placed in a laboratory refrigerator, the bottles being tested at 35°C were placed in an
incubator, and the bottles being tested at 20°C were left out in the ambient temperature
(which is held constant at 20°C), as illustrated in Figure 5.1. All bottles remained in these
conditions for approximately 48 hours. During this time, periodic pH measurements were
taken. The pH data associated with each container are shown in Table 5.1. After
approximately 22 hours, additional sodium hydroxide was added to the containers that were

143

incubated at 35°C to readjust solution pH to greater than 9.0. No other pH adjustments
were needed in any of the bottles.
Table 5.1. pH Values of all Containers Throughout the Duration of the Experiment.
Total
Adjusted
pH
pH
Volume
pH after
of 10N
Sample Temp. Initial
pH at
after after
Final
Adjustment
o
ID
( C)
pH
Start of
17
22
pH
NaOH
at 22 hours
Test
Added
hours hours
(mL)*
5-C-1
5
8.36
8.38
8.75
8.73
-8.63
0
5-C-2
5
8.38
8.36
8.68
8.69
-8.61
0
5-C-3
5
8.48
8.47
8.74
8.74
-8.72
0
5-1
5
8.39
9.3
9.42
9.41
-9.38
6
5-2
5
8.38
9.3
9.43
9.43
-9.4
6
5-3
5
8.37
9.24
9.43
9.43
-9.4
6
20-C-1
20
8.31
8.36
8.48
8.47
-8.59
0
20-C-2
20
8.36
8.36
8.49
8.5
-8.55
0
20-C-3
20
8.33
8.35
8.45
8.48
-8.58
0
20-1
20
8.33
9.29
9.27
9.23
-9.14
6
20-2
20
8.35
9.28
9.37
9.24
-9.16
6
20-3
20
8.4
9.32
9.31
9.24
-9.15
6
35-C-1
35
8.37
8.38
8.37
8.44
-8.73
0
35-C-2
35
8.33
8.36
8.42
8.48
-8.73
0
35-C-3
35
8.36
8.37
8.39
8.51
-8.77
0
35-1
35
8.31
9.26
9.05
8.99
9.12
9.17
7
35-2
35
8.36
9.28
9.01
8.96
9.1
9.14
7
35-3
35
8.36
9.28
8.99
8.96
9.09
9.12
7
*DI water was added to containers in which no 10N NaOH was added; the volume added
was equivalent to the volume of NaOH added at the respective temperature: 5oC and
20oC = 6 mL and 35oC = 6mL. This was done to keep sample volumes equivalent.
5.2.3

Sampling and analytical methods
At the conclusion of the 48-hour testing period, each bottle was removed from the

stir plates and final pH measurements were taken (see Table 5.1). Samples for total
suspended solids (TSS) and total dissolved solids (TDS) were poured into the sample
bottles furnished by Pace Analytical. Remaining leachate was vacuum filtered through a
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glass fiber filter to ensure solids were not present in subsequent samples. Sample bottles
furnished by Pace Analytical were filled with the filtered leachate for the following
analyses: chemical oxygen demand (COD), nonpurgeable organic carbon (NPOC),
ammonia, nitrate and nitrite (NO2 + NO3), alkalinity, and metals (see Table 5.2). All
bottles were subsequently labeled, packed with ice in coolers, and shipped to the Pace
Analytical for testing. Table 5.2 contains a listing of the parameters measured, as well as
the analytical method and the detection limit associated with each test.
Table 5.2. List of Parameters Measured in the Leachate Samples.
Parameter Measured
Aluminum
Antimony
Arsenic
Cadmium
Chromium
Copper
Lead
Molybdenum
Nickel
Selenium
Zinc
Alkalinity
Total Dissolved Solids
Total Suspended Solids
Ammonia-Nitrogen
Nitrate and Nitrite
COD
Nonpurgeable Organic Carbon

Analytical Method
6010D
6010D
6010D
6010D
6010D
6010D
6010D
6010D
6010D
6010D
6010D
SM2320B-2011
SM2540C-2011
SM2540D-2012
EPA350.1, R2
EPA353.2, R2
SM5220D-2011
SM5310B-2011

Detection Limit
100
µg/L
5.0
µg/L
10.0
µg/L
1.0
µg/L
5.0
µg/L
5.0
µg/L
5.0
µg/L
5.0
µg/L
5.0
µg/L
10.0
µg/L
10.0
µg/L
5.0
mg/L as CaCO3
500
mg/L
varies mg/L
10.0
mg/L as N
0.10
mg/L as N
125
mg/L
25.0
mg/L

It should be noted that there were not sufficient solids collected during filtration to
conduct analysis of the solids. Therefore, no solid-phase analyses were conducted.
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5.3 RESULTS AND DISCUSSION
5.3.1

Characteristics of leachate collected from TRSWA
Table 5.3 contains the characteristics of the leachate samples collected from

TRSWA. These data serve as the baseline information in all the laboratory experiments
described in this study. These characteristics were compared to testing done by TRSWA
on December 11, 2018, the day following sample collection for this study. These analyses
were conducted at different labs. As shown in Table 5.3, some differences exist, illustrating
the variable nature of the leachate. The ammonia concentrations vary by approximately
20%. Other constituents (e.g., COD and NPOC) vary by more significant levels.
Table 5.3. Characteristics of Leachate Sample from TRSWA.
Parameter Measured

Concentration
December 10, 2018*
624
54.4
104
ND
205
42.0
11.8
9.1
138
5
286
3770
5740
114
477
12.5
1620
645

Concentration
December 11, 2018**
NM
NM
118.5
0.08
214
NM
7.5
NM
NM
ND
NM
3445
5555
72.6
575
17.15
2075
912.5

Aluminum (µg/L)
Antimony (µg/L)
Arsenic (µg/L)
Cadmium (µg/L)
Chromium (µg/L)
Copper (µg/L)
Lead (µg/L)
Molybdenum (µg/L)
Nickel (µg/L)
Selenium (µg/L)
Zinc (µg/L)
Alkalinity (mg/L as CaCO3)
Total Dissolved Solids (mg/L)
Total Suspended Solids (mg/L)
Ammonia-Nitrogen (mg/L as N)
Nitrate and Nitrite (mg/L as N)
COD (mg/L)
Nonpurgeable Organic Carbon
(mg/L)
*Samples collected for this study; **Samples collected the next day by TRSWA staff and
are averages of the two pond samples taken on this date.
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5.3.2

Influence of pH adjustment and temperature on ammonia removal

5.3.2.1 Ammonia removal
The average total ammonia nitrogen (TAN) removed from the pH adjusted and
unadjusted systems after 48 hours at each evaluated temperature is shown in Figure 5.2.
TAN removal was observed from all evaluated conditions and ranged from 1% to 47%.
TAN is comprised of both ionized (ammonium, NH4+) and unionized (ammonia, NH3)
forms of ammonia, with the unionized form (NH3) representing the fraction of TAN that
can be released from solutions through volatilization. The fraction of volatilizable
ammonia present in samples is known to increase with increases in solution pH and/or
temperature. Results from this study are consistent with this known relationship. At each
temperature, increased TAN removals were observed as a result of increasing the solution
pH, with the greatest removals occurring at 35oC. Similar dependence on temperature has
been observed in the literature, with Marttinen et al. (2002) reporting ammonia-nitrogen
removals varying from 64% at 6°C to 89% at 20°C, when pH of a leachate in an air
stripping tower was adjusted to 11 (Marttinen et al., 2002). It should also be noted that
some TAN removal was also observed in the unadjusted bottles, with removals increasing
with increased solution temperature. These low removals were expected because the
fraction of unionized ammonia in solution is low at the temperatures and pH levels in the
unadjusted bottles (Table 5.1). It is also important to note that some leachate evaporation
occurred in the bottles incubated at 35oC. This change in volume was accounted for in the
calculations of TAN removed.
The theoretical amount of NH3 present in each solution at the measured pH and
temperature level was calculated and used to determine the effectiveness associated with
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TAN removal at each condition. Results from this analysis are illustrated in Figure 5.3 and
indicate that without pH adjustment, less than 30% of the removable NH3 was released
from solutions at 5 and 35oC. At 20oC, 60% of the NH3 present was removed. When
increasing the pH, however, more efficient removal of the NH3 was observed, particularly
at 20°C (88%) and 35oC (77%). The lower removal efficiency in the pH adjusted bottles at
35oC (when compared to 20oC) may be an artifact of the experimental set-up. The 35oC
bottles were incubated in a closed space, with high concentrations of ammonia detected in
the air surrounding them. The increased concentration of ammonia in the air surrounding
the incubated bottles may have limited volatilization if equilibrium between the gas and
liquid-phases was achieved. The 20oC bottles, however, were not enclosed and thus an
equilibrium between the solution and gas-phases was not achieved. These results suggest
that the TAN removal from leachate via volatilization is most effective at high pH and
temperatures. Greater efficiencies in NH3 removal may be achievable with greater mixing,
higher pH levels, and/or air sparging.
Although the primary mechanism of TAN removal in these studies was
volatilization, it is important to note that biological reduction of TAN may also occur.
Another nitrogen species investigated was the total NO2+NO3 concentration. NO2 and NO3
represent products of the biological reduction of ammonia. Increases in the total NO2+NO3
concentrations, when compared to the initial leachate sample, may indicate biological
conversion of ammonia occurred. Results from this analysis are illustrated in Figure 5.4.
As shown, slight increases in NO2+NO3 (mg/L as N) were observed in each bottle.
However, because of the high variability in the measured concentrations, as illustrated by
the large error bars, it is difficult to make any concrete conclusions regarding these trends.
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It is possible that some ammonia removal via this mechanism occurred, but any amount is
quite small (< 10 mg/L of the lost TAN).

Figure 5.2. Percent removal of TAN as a function of pH adjustment and
temperature. Each bar and numerical value represents the average removal
from three experiments. The error bars represent the range of % removals
observed.

149

Figure 5.3. Percent of NH3 present that was removed as a function of pH
adjustment and temperature. Each bar represents the average removal from
three experiments.

Figure 5.4. Concentrations of NO2+NO3 in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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5.3.2.2 Alkalinity and pH adjustment
To achieve high levels of TAN removal, solution pH needs to be adjusted. The high
alkalinity found in the leachate from TRSWA minimized the frequency and volume of
necessary base additions to achieve the desired pH level. Figure 5.5 presents the alkalinity
measured from all bottles. The alkalinity increased in the systems in which the pH was
adjusted, which is mostly due to the addition of sodium hydroxide. The slightly reduced
levels of alkalinity in the unadjusted systems likely is a result of CO2 stripping during
mixing, which is consistent with the slightly increasing pH levels measured in the
unadjusted experiments (Table 5.1). It is likely CO2 stripping also occurred in the pH
adjusted systems, but the presence of higher levels of alkalinity helped to buffer changes
in the pH, minimizing the need for more frequent pH adjustments. It is important to note
that if leachate alkalinity decreases, greater volumes of sodium hydroxide addition and/or
more frequent sodium hydroxide additions will likely be required. Before conducting
larger-scale implementation of this process, the impact of alkalinity on pH adjustment
should be investigated in greater detail.
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Figure 5.5. Concentrations of alkalinity in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three results
at each condition and the error bars represent the standard deviations associated
with the three measurements.

5.3.3

Influence of pH adjustment and temperature on solids generation
Solids generation, in the form of TSS, is a potential concern associated with pH

adjustment of leachate. Changes in solution pH could result in the precipitation of organics
and/or metals (increasing TSS), ultimately increasing solids generation and resulting in
significant implementation issues. Air stripping studies have reported such issues, with
solids generation increasing with increased pH and depending on the agent used to adjust
pH. In a pH adjustment study using lime (Ca(OH)2), Ho et al. (1974) found that total solids
concentration was highest when pH was adjusted to 12, at 7,470 mg/L, compared to 6,920
mg/L in the untreated leachate (Ho et al., 1974).

Cheung et al. (1997) found that

precipitation of solids due to pH adjustment required an extended settling period to remove
the solids, since the flocs formed exhibited poor settlement in shorter time frames (Cheung
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et al., 1997). While studies have reported high solids formation when lime was used as the
pH adjustment agent, dos Santos et al. (2020) found that sodium hydroxide produced much
less dry sludge per liter of leachate (2 g/L) than when commercially hydrated lime was
used (65 g/L) (dos Santos et al., 2020). Changes in pH may also result in greater
solubilization of TSS, increasing solution TDS concentrations.
The TSS and TDS were measured in each bottle at the end of the 48-hour
experiment and the results compared with the TDS and TSS associated with the initial
leachate sample, as illustrated in Figures 5.6 and 5.7. The TSS, as shown in Figure 5.6,
decreased in all samples, while the TDS (Figure 5.7) increased in each pH adjusted system.
An increase in TDS was also observed in the unadjusted system at 35oC. No statistically
significant change in TDS was observed at 5 and 20oC. These results were surprising. It is
possible that the reduction in TSS is due to greater solubility of the TSS at the higher
temperatures and/or pH levels (leading to higher TDS) or this could also be an artifact of
the experiment. Insufficient mixing of the initial sample to the filling of the sample bottles
may have also caused reduced TSS concentrations.
It should also be noted that there were not sufficient solids collected during
filtration of the leachate samples in the lab to conduct any analysis of the solids. Therefore,
no solid-phase analyses were conducted.
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Figure 5.6. Concentrations of TSS in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure 5.7. Concentrations of TDS in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three results
at each condition and the error bars represent the standard deviations associated
with the three measurements.
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5.3.4

Influence of pH adjustment and temperature on leachate chemistry

5.3.4.1 Organics: Nonpurgeable Organic Carbon (NPOC) and Chemical Oxygen Demand
(COD)
Overall, as shown in Figure 5.8, no significant changes in the NPOC concentrations
were observed as a result of pH adjustment and changes in solution pH. As shown in Figure
5.9, there was a decrease in chemical oxygen demand (COD) concentration in almost all
the samples, with the exception being the unadjusted solution at 35oC. COD is often used
as an indirect measure of organics in solution, but measures both organics and inorganics
that may be oxidized. Because the NPOC concentrations remain fairly constant, it is
unlikely that the observed decrease in COD is due to precipitation of organics (the TSS
concentrations did not increase, Figure 5.6). The reason for the overall decline in COD is
unknown. In some air stripping studies, moderate COD removal has been reported, with
observed removal percentages ranging between 4 – 47% (Cheung et al., 1997; Ho et al.,
1974; Marttinen et al., 2002; Ozturk et al., 2003). Cheung et al. (1997) attributed this
removal to precipitation that occurred in the study due to the addition of lime.
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Figure 5.8. Concentrations of NPOC in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure 5.9. Concentrations of chemical oxygen demand in the leachate as a
function of pH adjustment and temperature. Each bar represents the average
of the three results at each condition and the error bars represent the standard
deviations associated with the three measurements.
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5.3.4.2 Metals
No significant changes were observed between pH, temperature, and metals
concentration for all measured metals (see complete list of metals in Table 5.2). Figure
5.10 provides one example of the metals concentrations as a function of pH adjustment and
temperature. As observed, these concentrations were not significantly different from the
initial sample. Some metals removal was expected based on previous air stripping studies.
Ho et al. (1974) used iron as an indicator for heavy metals in a study in which lime was
used to raise the pH of a leachate from an initial value of 6.25 to values ranging from 9.0
– 12.0. The iron content of the raw leachate was measured to be 325 mg/L, and addition
of lime to raise the pH resulted in near total removal of iron. Remaining iron concentrations
in the leachate were less than 3 mg/L for all pH values studied (Ho et al., 1974). Ferraz et
al. (2013) saw similarly high removal rates for metals in an air stripping study in which
commercially hydrated lime was used to adjust pH to 11, with removals of zinc, iron, and
manganese observed to be 70 – 90% (Ferraz et al., 2013). Graphs of all metals can be
found in Appendix D.
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Figure 5.10. Concentrations of aluminum in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three results
at each condition and the error bars represent the standard deviations associated
with the three measurements.

5.4 POTENTIAL IMPLICATIONS ASSOCIATED WITH FIELD-SCALE
IMPLEMENTATION
Additional studies to investigate different facets of enhancing TAN removal via pH
adjustment are necessary prior to implementing this process at larger scales. Some
preliminary process needs and potential changes in operation required to implement
enhanced TAN removal at larger-scales based on the results of this laboratory-scale study
are summarized below:
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1. TAN removal is dependent on ambient temperature. TAN removals increase with
increasing pH and temperature. Adjusting the leachate pH in winter may not be
advantageous (~11% removal), while adjusting in the Fall/Summer appears more
advantageous. Additional work should be conducted to investigate the costs and
benefits associated with pH adjustment during each season. Simultaneously, the
impact of increasing the pH levels on existing sensor/equipment maintenance
should also be investigated.
2. Optimizing target pH level. It is possible to enhance volatilization by increasing
solution pH. Work should be conducted to investigate the impact of higher pH
levels on ammonia removal. As already mentioned, the impact of increasing the pH
levels on existing sensor/equipment maintenance should also be investigated.
3. Additional infrastructure is likely needed. Infrastructure that provides the ability
for controlled sodium hydroxide injection, rapid mixing, and leachate
holding/sedimentation is needed. Sufficient mixing of the NaOH and subsequent
agitation of the leachate is needed to adjust the pH and allow the release of the NH3
from the liquid to the air. Specific operational details (e.g., holding times, mixing
rates, etc.) of this system are unknown and would need to be investigated prior to
larger scale process design/construction. There is also likely a need for installation
of other sensors that will allow for necessary process control. Examples may
include continuous pH and temperature measurement.
4. Increasing ammonia removal efficiency with air sparging. Air sparging (bubbling
of air through the leachate in the holding tank) would likely increase ammonia
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removals. Studies investigating whether air sparging does enhance removal are
needed. In addition, cost/benefit studies should be conducted to determine if this
need is justified.
5. Continuous base addition is required. Sodium hydroxide is needed and will result
in an annual increase in operational costs. The amount and frequency of such
addition is dependent on the temperature and characteristics of the leachate,
particularly leachate alkalinity. Studies investigating this relationship in more detail
are needed prior to implementation at larger scales.
6. Solids generation. Solids generation was not significant in this short laboratoryscale study. It is possible that solids generation will be greater at larger scales. This
needs to be investigated in more detail.
7. Needs for additional permits/approvals is unknown, but may require investigation.
The concentration of ammonia in the air will increase substantially and may require
an additional permit/regulatory permission. Pumping leachate with these higher pH
levels to the wastewater treatment plant may require approval from the plant.
8. Develop dedicated sump-specific operational strategies may be beneficial. The
ammonia concentrations in the sumps vary. It may be beneficial to enhance
ammonia volatilization via pH adjustment in the leachate from sumps that have the
largest ammonia concentrations. This strategy may ultimately reduce capital,
maintenance, and operational costs. More studies associated with this type of
strategy are required.
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5.5 CONCLUSIONS
The increase in leachate pH by the addition of NaOH enhanced ammonia removal
at all evaluated temperatures, with highest removals observed at higher temperatures.
These results suggest that pH addition will increase ammonia removal, but such
enhancements may be best applied during warmer months. Based on this study, metals and
carbon-related characteristics of the leachate appear uninfluenced by pH adjustment to
approximately 9. A list of preliminary process needs and possible changes in operation
required to implement enhanced TAN removal at larger-scales based on the results of this
laboratory-scale study was formulated. It is important to note that the data described in this
document resulted from experiments conducted under ideal lab conditions; therefore,
results from this work may not be achievable in the field.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

This work studied the leachate collection and storage pond at the Three Rivers Solid
Waste Authority (TRSWA) landfill in Jackson, South Carolina. Specifically, the work
focused on understanding the evaporation of leachate from the pond and the fate of
ammonia-nitrogen in the pond.
6.1 EVAPORATION FROM THE POND
This study evaluated the amount of evaporation that occurred from the leachate
collection and storage pond, including how much was due to natural evaporation and how
much enhanced evaporation occurred due to operation of the Lilypad system. Over the 18month evaporation study period, a total of almost 3.4 million gallons of leachate were
evaporated from the pond as determined by water balance; an average of 128,500 gallons
per month. Of this, approximately 1.1 million gallons were naturally evaporated and
approximately 2.3 million gallons were predicted to be evaporated due to use of the Lilypad
system, representing 13% of the liquid that flowed through the system. In order to explore
the potential for further increases in evaporation, hypothetical scenarios regarding effect of
changes to the Lilypad system on evaporation were run as part of this study. In the future,
changes to Lilypad operation are recommended in order to confirm the hypothetical results,
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and in the event the landfill wishes to enhance evaporation from the site.
Recommendations to increase expected evaporation are as follows:
•

Changes to the operation of the Lilypad system should be made first in the May –
October time frame at a minimum, as greater changes to evaporation are seen
during the warmer months;

•

Increase the flow of leachate through the Lilypad system, as evaporation is directly
tied to the amount of leachate passing through the system;

•

Increase basket speed if possible given wind conditions. Operating baskets at less
than 100% of maximum speed and flow during the daytime is not recommended;
and

•

Increase the nighttime operating capacity (speed and flow) all year from the current
26% to at least 50% of maximum basket speed and flow, which would result in an
expected increase in evaporation of 23%. Doing so only in the May – October time
frame would result in an expected evaporation increase of 13%.

6.2. FATE OF NITROGEN IN THE POND
The fate of nitrogen in the storage and collection pond was also studied, and a model
was used to determine amounts of volatilization, nitrification, and denitrification occurring
in the pond . The concentration of species were fitted to actual data both considering these
reactions and without the reactions. Comparison to actual species concentration indicated
that reactions were occurring in the pond. In total, approximately 14 months were modeled.
During this time, the total grams of nitrogen volatilized, nitrified, and denitrified were
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approximately 11 million grams, 4.3 million grams, and 1.6 million grams, respectively.
Volatilization was found to be the main pathway by which nitrogen was transformed in the
pond, at 65% of the total nitrogen transformed. The volatilization observed at the site is
related to operation of the Lilypad system, and is primarily dependent on flow of liquid
through the system. During the study, approximately 36% of volatilization was due to the
Lilypad system. A study on the relationship between pH, temperature, and volatilization
was also undertaken. When pH was increased to 9.0 (original value of 8.3), increased
removals of total ammonia-nitrogen (TAN) were seen. This was especially true at high
temperatures, with the 35°C pH adjusted sample indicating 47% TAN removal compared
to 11% for the non-pH adjusted sample at the same temperature. This indicates that
increasing pH of the leachate, especially during warmer months, could also increase
volatilization of ammonia. Recommendations to optimize removal of ammonia-nitrogen
from the pond are:
•

Increase the amount of liquid that passes through the Lilypad system, which is
likely to increase volatilization of ammonia;

•

Increase operational capacity of the Lilypad system, potentially by increasing
basket speed or adding more baskets;

•

Based on the results of the pH and temperature adjustment study ammonia
volatilization has the potential to be increased by increasing both pH and
temperature.

However, more study is needed before undertaking large-scale

implementation. The pH value of the leachate should be optimized to ensure the
most efficient treatment method. The laboratory study undertaken in this work was
short term, and longer-term study is recommended to ensure equilibrium is reached
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and implications of solids generation are fully understood. Furthermore, study
regarding the operational requirements of pH adjustment is needed.
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APPENDIX A
COMPARISON OF CLIMATOLOGICAL DATA
Figure
A.1
A.2
A.3
A.4
A.5

Title
Monthly average wind speed at the site.
Monthly average temperature at the site.
Monthly average relative humidity at the site.
Monthly total precipitation at the site.
Monthly average solar radiation at the site.
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Figure A.1. Monthly average wind speed at the site.
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Figure A.2. Monthly average temperature at the site.
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Figure A.3. Monthly average relative humidity at the site.
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Figure A.4. Monthly total precipitation at the site.
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Figure A.5. Monthly average solar radiation at the site.
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APPENDIX B
SUMMARY OF BASKET OPERATIONS OVER TIME

Figure
B.1
B.2
B.3

Title
Monthly average operational efficiency (average all baskets).
Monthly average basket speed (average all baskets).
Monthly average total basket volume (sum all baskets).
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Figure B.1. Monthly average operational efficiency (average all
baskets).
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Figure B.2. Monthly average basket speed (average all baskets).
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Figure B.3. Monthly average total basket volume (sum all baskets).
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APPENDIX C
OBSERVED CONCENTRATIONS OF METALS

Figure
C.1
C.2
C.3
C.4
C.5

Title
Observed mass of arsenic in sump inflow and in the pond over time.
Observed mass of barium in sump inflow and in the pond over time.
Observed mass of cadmium in sump inflow and in the pond over time.
Observed mass of chromium in sump inflow and in the pond over time.
Observed mass of lead in sump inflow and in the pond over time.
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Figure C.1. Observed mass of arsenic in sump inflow and in the pond
over time.

Figure C.2. Observed mass of barium in sump inflow and in the pond over
time.
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Figure C.3. Observed mass of cadmium in sump inflow and in the pond
over time.

Figure C.4. Observed mass of chromium in sump inflow and in the pond
over time.
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Figure C.5. Observed mass of lead in sump inflow and in the pond over
time.
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APPENDIX D
SUPPLEMENTAL PH ADJUSTMENT METALS GRAPHS

Figure
D.1
D.2
D.3
D.4
D.5
D.6
D.7
D.8
D.9
D.10

Title
Concentrations of antimony in the leachate as a function of pH adjustment
and temperature.
Concentrations of arsenic in the leachate as a function of pH adjustment and
temperature.
Concentrations of cadmium in the leachate as a function of pH adjustment
and temperature.
Concentrations of chromium in the leachate as a function of pH adjustment
and temperature.
Concentrations of copper in the leachate as a function of pH adjustment and
temperature.
Concentrations of lead in the leachate as a function of pH adjustment and
temperature.
Concentrations of molybdenum in the leachate as a function of pH adjustment
and temperature.
Concentrations of nickel in the leachate as a function of pH adjustment and
temperature.
Concentrations of selenium in the leachate as a function of pH adjustment
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Figure D.1. Concentrations of antimony in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure D.2. Concentrations of arsenic in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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Figure D.3. Concentrations of cadmium in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure D.4. Concentrations of chromium in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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Figure D.5. Concentrations of copper in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure D.6. Concentrations of lead in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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Figure D.7. Concentrations of molybdenum in the leachate as a function of
pH adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure D.8. Concentrations of nickel in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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Figure D.9. Concentrations of selenium in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.

Figure D.10. Concentrations of zinc in the leachate as a function of pH
adjustment and temperature. Each bar represents the average of the three
results at each condition and the error bars represent the standard deviations
associated with the three measurements.
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